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Abstract 
 Some of the most ecologically-significant pathogens of plants, animals and 
marine life come from two groups of filamentous eukaryotes; the oomycetes and the 
fungi. Although similar in morphology and ecological niche, the two groups are only 
very-distantly related in terms of evolutionary history. The oomycetes are under-
researched in evolutionary science, despite their historical and contemporary impact on 
food and environmental security. In contrast, fungi themselves are probably the most 
densely studied and sequenced group of organisms in evolutionary science outside of 
bacteria. This thesis is a collection of five published computational studies of the 
evolutionary biology of oomycetes and fungi. The first study is a systematic investigation 
of bacterial horizontal gene transfer into plant pathogenic oomycete species, which 
identifies 5 potential HGT events from prokaryotes into multiple oomycetes. The second 
study is a reconstruction of the evolutionary history of the oomycetes using whole-
genome data from 37 species, which supports the larger groups within the oomycetes 
class but suggests that some exemplar oomycete genera are paraphyletic. Taking 
advantage of the abundance of genomics data available for all major fungal phyla, the 
third study reconstructs the evolutionary history of 84 fungal species using seven different 
phylogenomic techniques and critically evaluates each technique for accuracy, speed and 
other criteria. The fourth study looks at the pangenomes of four model fungal species, 
and compares the evolution of genomic variation, virulence and environmental adaptation 
within each species. The final study presents a refined iteration of the methodology used 
in the previous pangenome study as a self-contained software package and demonstrates 
the software’s capabilities through pangenome analysis and re-analysis of both model and 
non-model fungal species. Together, these studies cover a breadth of molecular evolution, 
comparative genomics, phylogenomics and pangenomics research for two similar, but 
evolutionarily-distinct groups of important microscopic eukaryotes.
 1 
Chapter 1 – Introduction 
  
 2 
Chapter outline 
 As this chapter reviews the entirety of my postgraduate work, I first give a broad 
introduction to microbial genomics and some of the different areas of evolutionary 
biology encompassed in this thesis. I then introduce the reader to the two groups of 
eukaryotic organisms I have researched in this doctoral work: the oomycetes and the 
fungi. For the oomycetes, I review 1) the ecological roles of the oomycetes, 2) their 
taxonomy and placement in the eukaryotic tree of life and 3) the genomics and genome 
evolution of the oomycetes. Moving onto the fungi, I review; 1) the role fungi play in 
human health and lifestyle, 2) the taxonomy and diversity of the fungi and 3) the history 
of fungal genomics. Finally, I briefly introduce the studies that form the body of this 
thesis in terms of their rationale, how research was conducted for each study, the findings 
of each study and any subsequent conclusions that may be drawn from them. 
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1.1 Microbial genome evolution 
Microbes and in particular microbial eukaryotes have played an important role in 
the development of many technologies and methodological applications that are now 
commonplace in genomics and bioinformatics research. In this section, I briefly 
summarize the history and development of genomics and specifically microbial 
eukaryotic genomics from the mid-1990s to the present day. I then define and summarize 
some of the standard genomics and bioinformatics analysis and procedures which are 
typical in microbial eukaryotic genomics studies, many of which are performed in the 
studies which make up Chapters 2-6 of this thesis.  
 
1.1.1 Microbial genome sequencing: a brief history 
On July 28 1995, the genomics era began with the public release of the Haemophilus 
influenzae genome, the first genome sequenced from a cellular organism (Fleischmann et 
al., 1995). It was the culmination of over three decades of nucleic acid sequencing 
research beginning from the first tRNA sequenced from baker’s yeast (Saccharomyces 
cerevisiae) in 1965 (Holley et al., 1965), through to the sequencing of the first 
bacteriophage and organellar genomes in the 1970s and 1980s (Fiers et al., 1976; 
Anderson et al., 1981; Bibb et al., 1981), and the concurrent development of first-
generation Sanger sequencing and polymerase chain reaction DNA amplification 
techniques (Sanger, Nicklen and Coulson, 1977; Mullis et al., 1986; Heather and Chain, 
2016). For eukaryotes the first genome to be sequenced was that of S. cerevisiae, the 
exemplar model eukaryote (Goffeau et al., 1996). The S. cerevisiae sequencing project 
began in 1991 was led by a consortium of over 94 laboratories and sequencing centres 
from 19 different countries sequencing individual chromosomes using a variety of 
sequencing approaches and automated “factory” or lab-based “network” strategies 
(Goffeau and Vassarotti, 1991; Vassarotti et al., 1995; Goffeau et al., 1996; Engel et al., 
2014). The publication of the yeast genome was followed by a number of different model 
multicellular eukaryote genome sequences and most notably the two draft sequences of 
the human genome in 2001 (The C. elegans Sequencing Consortium, 1998; Adams et al., 
2000; Kaul et al., 2000; Craig Venter et al., 2001; Lander et al., 2001; McPherson et al., 
2001). It would take another few years for unicellular microbial eukaryotes to catch up to 
their multicellular counterparts, with genome sequences from other fungi emerging from 
2002 onwards starting with the publication of the fisson yeast Schizosaccharomyces 
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pombe genome (Wood et al., 2002) and followed in short by genome sequences from 
“Protistan” groups like algae, alveolates and oomycetes (Figure 1.1) (Gardner et al., 
2002; Matsuzaki et al., 2004; Tyler et al., 2006). 
Genome sequencing at the dawn of the genomics era was something of an arduous 
process. Sequencing projects were headed by dedicated institutes which were often 
competing to sequence the same organism and sequencing projects took years to complete 
(Loman and Pallen, 2015). Most sequencing technologies and strategies of the 1990s 
relied on manual labour and early “automated” sequencers were considered somewhat 
unreliable (Hutchison, 2007), and even basic annotation of bacterial genomes took days 
at a time (Casari et al., 1995). Initial assembly of more complex genomes such as the 
diploid Candida albicans genome also proved a challenge as new methodologies of 
genome assembly and data analysis had to be thought up on-the-fly (Jones et al., 2004; 
Costanzo et al., 2006). Over the course of the 2000s the improvement of sequencing 
technologies and improvements in assembly and analysis software and computational 
infrastructure enabled the first large-scale sequencing projects to commence (van Dijk et 
al., 2018). The Fungal Genome Initiative (FGI) was launched by the Broad Institute to 
sequence many model non-yeast fungal organisms, while the 1,000 Genomes Project 
sequenced and analysed variation within 1000 human genomes (Cuomo and Birren, 2010; 
Auton et al., 2015). By the time average sequencing costs had plummeted to ~$100,000 
in 2009 (a >20-fold decrease from the $2.7 billion spent on the publicly-funded human 
genome sequencing project), approximately 100 eukaryotic genomes had been sequenced 
to draft-or-better quality (Liolios et al., 2009; Sboner et al., 2011). In recent years, third-
generation long read sequencing technologies like PacBio SMRT and Nanopore have 
seen increasing application in genomics (van Dijk et al., 2018). This has led to a further 
increase in major community and collaborative genomics projects between laboratories 
and agencies from different countries, like the 1000 Fungal Genomes Project or the 3000 
Rice Genomes Project, which look to sequence and analyse diverse genomes within and 
across taxa (Li et al., 2014; Stajich, 2017). 
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Figure 1.1 Cumulative plot of genomes deposited on NCBI Genbank from 1995 to 
present, categorized by taxonomic domain. Figure generated using R package rentrez. 
 
1.1.2 Genome evolution in microbial eukaryotes: analysis and technique 
Genome evolution as a term encompasses many of the processes by which 
genomes change and evolve over time, including sexual reproduction, point mutations 
and horizontal transfer of genetic material (HGT). Genome evolution as a field of study 
includes a variety of broad evolutionary analysis arising from genome sequence data 
including comparative genomics, phylogenomics, and the emerging field of pangenomics 
(Eisen and Fraser, 2003; Tettelin et al., 2005). In this section I briefly discuss the 
mechanisms by which genomes evolve in eukaryotes and briefly touch upon the two 
fields of comparative genomics that I predominantly utilize in this thesis; phylogenomics 
and pangenomics. 
 
1.1.2.1 How eukaryote genomes evolve 
 Eukaryote nuclear genomes are typically larger and more complex than 
prokaryote genomes and can vary substantially between and even within the major 
eukaryotic kingdoms and subgroups. Fungal genomes range from ~10 to ~175Mb in size 
with an average genome size of ~38Mb, whereas mammalian genomes have an average 
size of ~3.5Gb with the human genome slightly below that average at ~3.2Gb (Craig 
Venter et al., 2001; Evans et al., 2017; Stajich, 2017). The smallest known eukaryotic 
genomes belong to the parasitic microsporidians, with the ~2.3Mb Encephalitozoon 
intestinalis genome smaller than many prokaryote genomes (Corradi et al., 2010). In 
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contrast, many plants have genomes in excess of ~20Gb in size which can prove a 
challenge to sequencing (Pellicer, Fay and Leitch, 2010; Li and Harkess, 2018; Pellicer 
et al., 2018). Unlike prokaryotes, rates of HGT are relatively low between eukaryotes 
(Keeling and Palmer, 2008). Genomic size, content and complexity in eukaryotes are 
instead influenced by a number of different processes. Gene duplication is known to play 
a leading role in eukaryotic gene family evolution, and thus the evolution of eukaryotic 
genomes themselves (Treangen and Rocha, 2011; Yang, Hulse and Cai, 2012). A number 
of yeasts, stramenopiles and plants have also undergone at least one whole genome 
duplication or hybridisation event in their history (Wolfe and Shields, 1997; Kaul et al., 
2000; Aury et al., 2006; Martens and Van de Peer, 2010; Marcet-Houben and Gabaldón, 
2015). Ploidy variation arising from circumstances such as WGD have been an important 
factor in plant genome evolution and has led to the large genome sizes observed in many 
plants (Pellicer, Fay and Leitch, 2010; Brenchley et al., 2012; Lavania, 2015; Guan et al., 
2016; Wendel et al., 2016; Li and Harkess, 2018). Expansion of non-coding repetitive 
genomic regions and evolution of “genomic islands” under extensive purifying selection 
also been seen in a diverse array of eukaryotic genomes including humans, plants and 
plant pathogens (Venter et al., 2001; McPherson et al., 2001; Haas et al., 2009; Li and 
Harkess, 2018; Plissonneau, Hartmann and Croll, 2018). 
 
1.1.2.2 Comparative genomics 
 Comparative genomics is a field of biological research in which the features of 
different genomes from or within different species are compared for their similarities or 
differences so as to make some inference about the biology of those species, such as 
evolutionary history of genes and species or evolution of phenotype (Alföldi and 
Lindblad-Toh, 2013). The exact features of genomes that can be compared depends on 
what the researcher seeks to answer and on the type of analysis that will be performed; 
comparative genomics studies can be carried out using genome sequence data, individual 
gene or protein family data or molecular features such as single nucleotide variants 
(SNVs). In comparative studies of genome evolution in microbial eukaryotes, common 
types of analyses can include (but are not limited to): 
1. Comparing content of genomes in terms of encoded gene or protein 
sequences to assess which functions/phenotypes are shared by different 
species, or by different strains of the same species. 
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2. Comparing the order (synteny) in which genes appear, which can be used 
to infer evolutionary relationships between/within species. 
3. Using phylogenetics (discussed below) to attempt to identify cases of non-
vertical inheritances of genes within a species, otherwise known as 
horizontal gene transfer (HGT). 
4. Analysing rates of nucleotide substitution between orthologous genes 
from different species to identify instances of directional selection. 
 
1.1.2.3 Phylogenetics and phylogenomics 
 Phylogenetics is the study of the evolutionary history of a group of organisms by 
way of representing evolutionary relationships within a group using a tree diagram. This 
method of organizing and visualizing relationships between organisms had its origins in 
Linnaean classification of life and was popularized by Darwin in On the Origin of Species 
(Darwin, 1859; Teichmann and Mitchison, 1999; Mindell, 2013). Phylogenetic trees, or 
phylogenies, are constructed by grouping organisms (e.g. strains, species) together based 
on shared and different characteristics. Traditionally, these characteristics were 
morphological – for example, a morphological phylogeny of eukaryotes could place bats 
and birds together based on both possessing wings and being capable of powered flight. 
However, as convergent evolution often produces similar phenotypes in distantly-related 
groups of organisms phylogenetics gradually shifted to using molecular characteristics to 
determine evolutionary history – in other words, grouping organisms by similarities or 
differences in nucleotide or amino acid content in biological sequences (Bryson and 
Vogel, 1965; Doolittle, 1999). This approach was used to identify endosymbiotic events 
in eukaryotes (Schwartz and Dayhoff, 1978), and was the approach that Carl Woese and 
George Fox adopted when they first proposed that cellular life could be organized into 
three kingdoms based on SSU rRNA sequence data (Woese and Fox, 1977; Pace, Sapp 
and Goldenfeld, 2012). 
 Reliance on single genes or small numbers of genes in early molecular 
phylogenies meant that inference of relationships between species would often vary 
depending on what gene(s) a phylogeny was constructed with (D’erchia et al., 1996; 
Doolittle, 1999; Huynen, 1999). As more completed genome sequences were made 
available for different lineages of prokaryotes and eukaryotes, researchers began in turn 
constructing phylogenies based on as much phylogenetically-relevant data from genome 
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sequences as possible (Figure 1.2) (Snel, Bork and Huynen, 1999; Eisen and Fraser, 
2003; Snel, Huynen and Dutilh, 2005). Although not without its own caveats this 
approach, commonly referred to as “phylogenomics”, generally leads to phylogenies with 
more consistent topologies upon subsequent replication (Eisen and Fraser, 2003). 
Phylogenomics analyses have seen extensive application in reconstruction of eukaryote 
evolutionary history, with much of our current understanding of the major kingdoms and 
“super-kingdoms” within the eukaryote domain coming from large-scale phylogenomic 
analyses (discussed elsewhere in the sections below and Chapters 3-4) (Burki et al., 
2007; Pisani, Cotton and McInerney, 2007; Holton and Pisani, 2010; Burki, 2014; 
Spatafora et al., 2016). 
 
 
Figure 1.2 Illustration of two established methods of phylogenomic reconstruction; (a) 
MRP supertree reconstruction and (b) supermatrix reconstruction. Refer to text and 
Chapter 4 for more detail. Figure taken from de Queiroz and Casey, 2007. 
 
 To the present day, a number of different phylogenomic reconstruction 
methodologies have been described and implemented in various software packages 
(Guindon and Gascuel, 2003; Lartillot and Philippe, 2004; Qi, Luo and Hao, 2004; 
Creevey and McInerney, 2009; Lartillot et al., 2013; Akanni et al., 2015). As many of 
these are discussed in greater detail in Chapter 4, I will focus in brief on the two most 
common approaches: supertree and supermatrix phylogenomics (Baum, 1992; Ragan, 
1992; de Queiroz and Gatesy, 2007; McCarthy and Fitzpatrick, 2017a) (Figure 1.2). A 
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supertree phylogeny is a consensus phylogeny that is constructed from individual gene 
phylogenies using a parsimony method, with different methods for orthologous and 
paralogous phylogenies (Baum, 1992; Ragan, 1992; Wehe et al., 2008; Creevey and 
McInerney, 2009). Supermatrix phylogenies are constructed by identifying ubiquitous or 
near-ubiquitous gene families within a dataset, concatenating all gene families together 
by taxa into a “superalignment” and performing phylogenomic analysis directly on the 
concatenated sequence data using statistical methods (de Queiroz and Gatesy, 2007). 
Supertrees and supermatrices are generally considered robust and accurate approaches of 
reconstructing evolutionary history but there are some caveats to either approach which 
are discussed in greater detail in Chapter 4 (Wilkinson et al., 2004; de Queiroz and 
Gatesy, 2007; Lartillot, Brinkmann and Philippe, 2007). Other phylogenomics 
approaches are seeing increasing use, such as statistically-based supertrees or applying 
coalescent theory to phylogenomic reconstruction (Steel and Rodrigo, 2008; Liu et al., 
2009; Akanni et al., 2014, 2015). 
 
1.1.2.4 Pangenomics 
Initial genomics studies of prokaryotes and eukaryotes focused on “reference 
genomes” of species – typically these were the genomes of strains that were well-studied 
within the research community for a given species, usually due to ease of culturing or 
breeding. Some prokaryote species including Escherichia coli had multiple strains 
sequenced in the early days of the sequencing era (Alm et al., 1999; Hayashi et al., 2001; 
Loman and Pallen, 2015). Comparative studies often noted pronounced differences in 
genomic content between strains of the same species; for example a comparison of a 
haemorrhagic strain of E. coli with the non-pathogenic reference strain found the genome 
of the former was 1.4Mb larger and encoded >800 more genes than the genome of the 
latter (Hayashi et al., 2001). Similar genomic variation was also observed in early 
comparative studies of yeast strain genomes (Wei et al., 2007).  In 2005 Hervé Tettelin 
and researchers sequenced eight strains of Streptococcus agalactiae, a urogenital 
pathogen, and compared the shared and unique gene content in each strain genome 
(Tettelin et al., 2005). In their analysis, Tettelin et al. introduced the concept of a species 
“pan-genome”, which they defined as the set of all genes observed across all strain or 
isolate genomes within a given species (Tettelin et al., 2005). A species pan-genome is 
often defined by its components; a species “core” genome and species “accessory” 
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genome (sometimes referred to as “dispensable” or a “shell” genome) (Medini et al., 
2005; Vernikos et al., 2015) (Figure 1.3). The core genome contains all genes which are 
conserved across all strain or isolate genomes, and the accessory genome contains all 
genes which are variably distributed across strains within a species (Vernikos et al., 2015) 
(Figure 1.3). The functionality and diversity of a species pan-genome can have important 
implications for evolution within a species. Core genes are typically involved in important 
housekeeping or survival processes and may be targets for potential therapeutics, whereas 
accessory genes are typically genes which confer specific phenotypes to individual strains 
within a species including potential antimicrobial resistance genes, disease-causing genes 
or genes associated with specific environmental adaptations (Tettelin et al., 2005; 
Vernikos et al., 2015). Pan-genome analyses have been performed for a variety of 
different prokaryotic and eukaryotic species, which are discussed in greater detail in 
Chapters 5 and 6 (McCarthy and Fitzpatrick, 2019a, 2019b). 
 
 
Figure 1.3 Simplified example of a 6-strain pangenome. Left: Venn diagram representing 
overlapping gene content between strains of a species. Top right: distribution of genes 
appearing across n strain genomes, ranging from core genes (n = 6) to singleton genes (n 
= 1). Bottom right: sizes of core (orange) and accessory (grey) genomes as number of 
input genomes is increased. Figure after Plissonneau, Hartmann & Croll, 2018. 
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1.2 The oomycetes 
The oomycetes (Oomycota) are a class of microscopic filamentous eukaryotes 
that are ubiquitous in marine and terrestrial environments as pathogens and symbionts. 
Similar to the other major group of filamentous eukaryotes, the fungi, oomycetes acquire 
nutrients via osmotrophy by secreting an array of enzymes which break down complex 
macromolecules in the environment (Richards et al., 2011). Like fungi, oomycetes 
display filamentous growth and a number of oomycetes are capable of both sexual and 
asexual reproduction. However, despite their macroscopic morphological similarities 
oomycetes and fungi have many discrete differences in morphology and biochemistry 
and very distantly related in their evolutionary history (Gunderson et al., 1987; Forster et 
al., 1990; Baldauf et al., 2000). Those differences are discussed in greater detail in a 
number of sections below as well as Chapters 2 and 3 (McCarthy and Fitzpatrick, 2016, 
2017b). The oomycetes are a member of the diverse stramenopiles phylum 
(Stramenopila), with close relatives including brown algae (Phaeophyceae) and diatoms 
(Bacillariophyceae) (Beakes, Glockling and Sekimoto, 2012). Unlike their algal relatives 
the oomycetes lack plastids and thus the ability to photosynthesize, and have lost many 
of the genes derived from endosymbiosis found in photosynthetic stramenopiles 
(Martens, Vandepoele and Van de Peer, 2008; Beakes, Glockling and Sekimoto, 2012; 
Leonard et al., 2018). The oomycetes are thought to have diverged from diatoms between 
400 to 600 million years ago (mya), and later terrestrialization of oomycetes potentially 
coincided with early land colonization by plants (Matari and Blair, 2014; Morris et al., 
2018). The earliest emergence of oomycetes or oomycete-like organisms in the fossil 
record can be found in the Rhynie chert, a well-preserved fossil bed dated to the Early 
Devonian period approximately ~408 mya (Taylor, Krings and Kerp, 2006). 
 
1.2.1 The ecology of the oomycetes 
 As they are ubiquitous in both marine and terrestrial habitats, it is unsurprising 
that oomycetes display a large variety of ecological roles and lifestyles. In this subsection, 
I briefly introduce some of the more important ecological roles that oomycetes play 
within various habitats and their effects on human activity and food security. 
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1.2.1.1 Oomycete marine pathogens of algae, plants and animals 
Marine oomycetes have a diverse range of potential hosts within marine 
ecosystems. Eurychasma dicksonii is a basal oomycete which infects >40 different 
species of brown algae, and is widespread throughout temperate and cold seas (Gachon 
et al., 2009; Li et al., 2010; Grenville-Briggs et al., 2011). As brown algae make up >70% 
of the total biomass of temperate seashores, and species such as Saccharina japonica 
(sugar kelp) are extensively cultivated for human consumption and alginate production, 
pathogens like E. dicksonii can have a significant impact on ecological diversity and 
human activity. Many saprolegniales, such as Aphanomyces invadans and Saprolegnia 
parasitica, are necrotrophic pathogens of fish and crustaceans – including farmed fishes 
such as salmon and tilapia (Jiang et al., 2013). S. parasitica in particular kills at least 10% 
of unhatched or juvenile salmon per breeding season, and the only known treatments 
against infection are banned substances like malachite green (Earle and Hintz, 2014). 
 
1.2.1.2 Oomycete terrestrial pathogens of important food crops 
The most infamous member of the oomycetes is probably the hemibiotrophic 
species Phytophthora infestans, the causative agent of late blight in potatoes (Solanum 
tuberosum) and tomatoes (Solanum lycopersicum). Ph. infestans completes its life cycle 
in the host in less than a week, meaning that a seemingly-healthy potato crop can 
completely fail in a very short space of time (Arora, Sharma and Singh, 2014). Although 
late blight is most commonly associated with historical events like the Great Famine in 
Ireland in the 1840s (discussed in Section 1.2.2), it is still a major threat to food security 
in both developing nations and the Western Hemisphere (Arora, Sharma and Singh, 2014; 
McGowan, Byrne and Fitzpatrick, 2019). Treatment and management of Ph. infestans 
outbreaks in potato crop is thought to cost as much as €6 billion per annum worldwide 
(Haverkort et al., 2008). In the United States, annual losses to the agri-food industry 
arising from late blight alone are estimated at over $17 billion (Fry and Mizubuti, 1998). 
Other economically-relevant pathogens from the Phytophthora genus include the soybean 
pathogen Phytophthora sojae, which is estimated to cost up to $2 billion in losses per 
annum and the cocoa tree pathogen Phytophthora megakarya, which is capable of causing 
almost total crop failure in Western and Central Africa (Opoku et al., 2011; Ploetz, 2016; 
Ali et al., 2017). Other oomycete pathogens of crops include many of the Albugo species 
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which parasitise brassicas and opportunistic root rot pathogens from the Pythium genus 
(Links et al., 2011; Wakelin et al., 2016). 
 
1.2.1.3 Oomycete terrestrial pathogens of forestry 
 While most associated with agriculture, phytopathogenic oomycetes also have a 
significant impact on forestry. Phytophthora ramorum, known as “sudden oak death”, 
emerged in the 1990s devastating many oak populations along the West Coast of the 
United States (Goheen et al., 2002; Rizzo et al., 2002). It was subsequently discovered in 
Rhododendron in Europe in the early 2000s, and by 2010 had spread to beech and larch 
forests in Ireland and the UK largely due to horticultural trading (Werres et al., 2001; 
Rizzo, Garbelotto and Hansen, 2005; Grünwald, Goss and Press, 2008; Brasier and 
Webber, 2010). Ph. ramorum manifests as “bleeding” or resinous cankers on tree trunks, 
lesions on leaves and stems and extensive dieback of twigs and branches (Rizzo et al., 
2002; Rizzo, Garbelotto and Hansen, 2005). Despite its sobriquet, Ph. ramorum is not 
limited to oak and is thought to infect upwards of 40 forest species (Grünwald, Goss and 
Press, 2008; Brasier and Webber, 2010; Grünwald et al., 2012). The invasive species 
Rhododendron ponticum is thought to be a vector of Ph. ramorum in Ireland (Frankel, 
Kliejunas and Palmieri, 2008; O’Hanlon, McCracken and Cooke, 2016), and partial 
removal of R. ponticum from Irish forests between 2005-2015 cost the Irish government 
approximately €3 million (Griffin, 2015). Other forest pathogens such as Ph. cinnamomi 
and Ph. kernoviae also pose significant risks to forest populations across many countries 
(Tomlinson, Dickinson and Boonham, 2010; Hardham and Blackman, 2018). 
 
1.2.2 The taxonomy of the oomycetes 
 Although for practical purposes (i.e. similar ecological niches) the oomycetes are 
still studied alongside fungi under the broad field of mycology, their phylogenetic 
separation from the fungi has been repeatedly confirmed by many different analyses over 
the last 30 years. However, some aspects of their relationship to other eukaryotic 
groupings and the taxonomy of oomycete species themselves remain problematic or have 
only recently been resolved. Here, I summarize the placement of the oomycetes as a class 
within the eukaryotic tree of life and some of the issues and analyses of phylogenetic 
classification within the oomycete class. 
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1.2.3.1 The advent of the “egg fungi” 
The first oomycete species to be studied and described in detail was the causal 
agent of potato late blight, Phytophthora infestans. Ph. infestans arose in Mexico during 
the first millennium, probably diverging from a close relative such as Ph. mirabilis, but 
does not appear to have accompanied the introduction of potatoes into Europe during the 
initial colonization of the New World (Crosby, 1972; Goss et al., 2014). The probable 
introduction of the HERB-1 strain of Ph. infestans into Europe from North America in 
the 1840s coincided with increased reports of blight on both sides of the Atlantic (Matta, 
2010; Yoshida et al., 2013; Saville, Martin and Ristaino, 2016). During this time the 
potato had become a staple food in many European countries including Ireland, and 
cultivation among tenant farmers in Ireland was dominated by the “Irish Lumper” variety 
leading to a severe lack of genetic diversity in the Irish potato population (Kinealy, 1997; 
Choiseul, Doherty and Roe, 2008; Iomaire and Gallagher, 2009). When a Ph. infestans 
outbreak did eventually occur in Europe its impact was swift and brutal; in mainland 
Europe countries tens of thousands died as annual potato yields plummeted by up to 88% 
in 1845 and by Autumn 1846 the potato crop had almost entirely failed in both Ireland 
and Scotland (O’Grada, 1999; Vanhaute, Paping and O’Grada, 2007). In Ireland the early 
months of 1847 (so-named “Black ‘47”) were the height of the Great Famine (Vanhaute, 
Paping and O’Grada, 2007). The complete failure of the potato crop along with an 
exceptionally cold winter lead to the scenes of widespread destitution most commonly 
associated with Ireland’s Famine years (O’Grada, 1999, 2006). Although the worst of the 
Famine appeared to be over by 1848, in some areas of Ireland famine conditions were 
still reported into the early 1850s (O’Grada, 1999, 2006). The Famine had an enormous 
impact on the demographics of Ireland. It is thought that over a million people died in the 
island of Ireland between 1845 and 1851 as a result of the famine, although a precise 
estimate is nearly impossible due to a lack of recorded data outside of public institutions 
such as workhouses (O’Grada, 2006). The urban population of Ireland had increased by 
nearly 7% over the years 1841-1851, but in that same period the rural population had 
decreased by nearly a quarter (O’Grada, 2006). 
Ph. infestans was proposed as the causative agent of late blight around 1845-1846 
(Matta, 2010). At the time a “fungal hypothesis” for the cause of blight was controversial 
and different theories abounded as to what caused blight, ranging from a lack of 
outbreeding in potato crops to more nebulous “atmospheric influences” (Turner, 2005). 
It was the work of the developmental biologist Heinrich Anton de Bary, who first 
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described the life cycle of Phytophthora infestans in infected potatoes, that clearly 
established a link between Ph. infestans and the degenerative effect of blight on potatoes 
(Matta, 2010). It was de Bary who also coined the genus name Phytophthora (“plant 
destroyer” in Latin) for Ph. infestans in 1876 (Turner, 2005; Matta, 2010). Over time 
more and more Phytophthora, Pythium and Saprolegnia species were described and the 
grouping of these organisms was formally classified into the class Oomycota (“egg 
fungi”) in the 1960s (Tucker, 1931; André Lévesque, 2011; Ribeiro, 2013). Even from 
the time of Berkeley and de Bary’s work, naturalists were uncertain as to the true 
relationship between these novel oomycete “fungi” and other fungal plant pathogens 
(André Lévesque, 2011). As molecular and morphological research of the oomycetes 
grew more sophisticated in the 1960s and 1970s, it soon became clear that a more 
divergent relationship existed between fungi and oomycetes than had been previously 
understood. Fungi and oomycetes were to shown to have diverged substantially in 
important biochemical pathways and cell wall composition (discussed in André 
Lévesque, 2011), and in the latter case the predominantly cellulose and glucan-rich 
oomycete cell walls were shown to have similar composition to those of the 
aforementioned Vaucheria algae rather than the chitinous cell walls in fungi (Parker, 
Preston and Fogg, 1963). Definitive evidence of the divergent relationship between fungi 
and oomycetes came with the advent of molecular sequencing: two eukaryotic SSU rRNA 
phylogenies published in 1987 and 1990 placed the oomycetes closer to either planktonic 
or multicellular algae than to any fungus (Gunderson et al., 1987; Forster et al., 1990) 
(Figure 1.4). 
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Figure 1.4 Simplified phylogeny of the oomycetes and some information on host ranges 
and habitats. Figure taken from Judelson (2012). 
 
1.2.3.2 The oomycetes in the eukaryotic tree of life: from Chromista to SAR 
 During the 1980s, as molecular phylogenetics was beginning to disentangle the 
relationship between fungi and oomycetes, Thomas Cavalier-Smith proposed the 
“Chromista” kingdom, which encompassed all algae whose last common ancestor 
possessed a chloroplast containing both chlorophyll a and c (Cavalier-Smith, 1981). This 
kingdom included the oomycetes (who lost their chloroplasts as they evolved a non-
photosynthetic lifestyle) within the stramenopiles phylum along with multicellular brown 
algae such as kelp, unicellular planktonic diatoms and human pathogens like Blastocystis 
(Cavalier-Smith, 1981). This “Chromista” proposal would later be expanded to 
encompass various other “Protistan” eukaryotes in the broad “chromalveolates” grouping 
(Cavalier-Smith, 1998; Yoon et al., 2002). Later studies did not support this grouping as 
monophyletic, but did support a monophyletic grouping for the stramenopiles, phylum 
Alveolata and phylum Rhizaria into the “SAR” supergroup (Burki et al., 2007; Hackett 
et al., 2007; Beakes et al., 2014; Burki, 2014). 
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1.2.3.3 The class-level phylogeny of the oomycetes 
Oomycetes as a class diverged from diatoms approximately ~0.5 billion years ago, 
with their closest ancestors the similarly non-photsynthetic Hyphochytriomycetes 
(Judelson, 2012; Leonard et al., 2018) (Figure 1.4). The basal oomycetes orders are 
predominantly marine in environment, and are parasites of seaweed, crustaceans and 
some nematodes (Li et al., 2010; Beakes, Glockling and Sekimoto, 2012) (Figure 1.4). 
Most basal oomycetes lack sexual reproduction or do not perform oogamous sex, with 
the potential exception of some freshwater Olpidiopsis species (Sekimoto et al., 2008; 
Beakes, Glockling and Sekimoto, 2012). The four “crown orders” of the oomycetes are 
the Saprolegniales, the Albuginales, the Pythiales and the Peronosporales (Beakes, 
Glockling and Sekimoto, 2012; Judelson, 2012; Beakes et al., 2014) (Figure 1.4). The 
Saprolegniales are predominantly marine and freshwater saprophytes of animals like the 
cotton mould Saprolegnia parasitica or of plants like some Aphanomyces species 
(Hulvey, Padgett and Bailey, 2007; Beakes et al., 2014) (Figure 1.4). The Albuginales 
are obligate biotrophs of terrestrial plants including white rust pathogen Albugo candida 
(Kemen et al., 2011; Beakes et al., 2014) (Figure 1.4). The Pythiales include the diverse 
Pythium genus, and broad host range pathogens from the Lagenidium genus (Riethmüller 
et al., 2002; Beakes et al., 2014) (Figure 1.4). The Peronosporales are predominantly 
hemibiotrophic soil-borne plant pathogens which include many specialized and broad 
pathogens from the Phytophthora and Phytopythium genera as well as obligate biotrophs 
such as Hyaloperonospora and Plasmopara species (usually grouped into the “downy 
mildews”) (Cooke et al., 2000; Beakes, Glockling and Sekimoto, 2012; Bourret et al., 
2018) (Figure 1.4). 
The “crown orders” of the oomycetes are broadly supported by molecular 
phylogenies and phylogenomics, but the placement of taxa within the two most-densely 
studied orders (Pythiales and Peronosporales) has been more problematic, particularly 
within the exemplar Pythium and Phytophthora genera (Beakes, Glockling and Sekimoto, 
2012). Pythium consists of over 120 species divided into 10 clades (Clades A-J) 
(Lévesque and de Cock, 2004). A former Pythium clade, Pythium Clade K, was formally 
reclassified as Phytopythium on the basis of phylogenomic analyses and comprises a 
genus of morphological intermediates between Pythium and Phytophthora (Lévesque and 
de Cock, 2004; de Cock et al., 2015). Issues in the Pythium genus tree surrounding 
monophyly have led some researchers to propose that Pythium should be split into five 
new genera based on molecular data (Uzuhashi, Tojo and Kakishima, 2010; Ascunce et 
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al., 2017). The first large-scale molecular phylogenies for Phytophthora resolved the 
Phytophthora genus tree into 10 clades (named Clade 1-10) containing >150 species 
(Cooke et al., 2000). While the clades themselves are generally supported as 
monophyletic in most molecular phylogenies, resolution of the relationships between 
clades has remained somewhat unclear (Cooke et al., 2000; Blair et al., 2008; Runge et 
al., 2011). Additionally, some molecular phylogenies have placed downy mildew species 
like H. arabidopsidis within Phytophthora, which would in turn imply that Phytophthora 
itself is paraphyletic while others place downy mildews outside Phytophthora but within 
the Peronosporales order (Riethmüller et al., 2002; Runge et al., 2011; Bourret et al., 
2018). 
 
1.2.3 The oomycetes in the genomics era 
 Although not as widely-targeted for genome sequencing as other eukaryotes 
(particularly fungi), oomycete genomics is a burgeoning field of eukaryote genomics. In 
this section, I review oomycete sequencing projects since the first oomycete genomes 
were released in 2006, summarize some of the broad features of oomycete genomes and 
introduce some of the comparative genomics studies which have been carried out for the 
oomycetes in recent years. 
 
1.2.3.1 Genome sequencing of oomycetes 
The first oomycetes to have their genome sequenced were two Phytophthora 
species; Ph. sojae and Ph. ramorum (Table 1.1) (Tyler et al., 2006). Ph. sojae, a soybean 
pathogen first described in the 1950s, was selected due to its status as a model oomycete 
species while Ph. ramorum had been recently identified as the agent of the then-emerging 
“sudden oak death” disease in Californian oak (Govers and Gijzen, 2006; Grünwald et 
al., 2012). This was followed by genome of Phytophthora infestans in 2009, the Pythium 
ultimum genome in 2010, the Albugo laibachii genome in 2011 and the Saprolegnia 
parasitica genome in 2013 (Haas et al., 2009; Lévesque et al., 2010; Kemen et al., 2011; 
Jiang et al., 2013). At the time of writing over 60 oomycete species have genome 
assembly data available on NCBI, including over 30 Phytophthora species and 11 
Pythiales species. The vast majority of these sequenced species are plant pathogens, 
particularly pathogens of important crops and forest species. A small number of species 
have had multiple strains sequenced but as of writing, only Phytophthora ramorum has 
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been analysed for intraspecific genomic variation (Dale et al., 2019). Although still far 
lower than that of fungi the number of genome sequencing projects for the oomycetes is 
expected to increase over the coming years, particularly with the recent formation of the 
Phytophthora Sequencing Consortium by a number of American universities (Dale et al., 
2019) and international “moonshot” initiatives such as the Earth BioGenome and the 
Darwin Tree of Life Projects which seek to sequence eukaryotic life on a national and/or 
international scale (Lewin et al., 2018). 
 
Table 1.1 Genome size, gene of a number of select oomycete genomes. Adapted from 
McGowan & Fitzpatrick (2018). 
Species  Order Genome size (Mb) Genes  Reference  
Phytophthora infestans  Peronosporales 228 17,797  Haas et al. (2009)  
Plasmopara halstedii  Peronosporales 75 15,469  Sharma et al. (2015)  
Hyaloperonospora arabidopsidis  Peronosporales 78 14,321  Baxter et al. (2010)  
Phytophthora sojae  Peronosporales 82 26,584  Tyler et al. (2006)  
Phytophthora ramorum  Peronosporales 66 15,743  Tyler et al. (2006)  
Pythium ultimum  Pythiales 44 15,290  Lévesque et al. (2010)  
Albugo candida  Albuginales 34  10,698  Links et al. (2011)  
Saprolegnia parasitica  Saprolegniales 53 20,088  Jiang et al. (2013)  
 
1.2.3.2 Trends in oomycete genome evolution 
While oomycete genome assemblies are quite fragmented relative to some fungi 
due to repetitive genomic content, oomycete chromosome numbers are estimated to range 
from 8 to 14 in some Phytophthora and Pythium species. Some oomycetes such as Ph. 
ramorum can undergo extensive chromosomal rearrangements and aneuploidy upon host 
infection. Oomycetes have a larger average genome size (~75 Mb) than fungi (~38 Mb), 
with genomes ranging between 34 to 240Mb in size (Table 1.1) (Judelson, 2012; Tavares 
et al., 2014). Despite the large variation in genome size among the oomycetes there is no 
particularly strong correlation between genome size and total gene content. Ph. infestans 
and Albugo candida have relatively similar numbers of predicted genes (~13-17,000 
each) despite the former having a genome almost 200 Mb larger than the latter (Links et 
al., 2011; Judelson, 2012). There does not appear to be a correlation between genome 
size or gene content and lifestyle, but some obligate biotrophs like A. candida appear to 
have undergone a reduction in the size of their genome size and total gene content relative 
to hemibiotrophic or necrotrophic oomycetes (Links et al., 2011). Genome size 
differences between oomycetes are largely determined by repetitive DNA content: as 
much as 74% of the Phytophthora infestans genome consists of repetitive DNA compared 
to 17% of the Albugo candida genome (Haas et al., 2009; Links et al., 2011). Oomycete 
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genomes such as that of Ph. infestans are arranged into both gene-dense and gene-sparse 
regions, with genome expansion of the latter driven by repeat expansion and a 
proliferation of transposons and transposable elements (Haas et al., 2009). Comparative 
analyses of oomycete genomes from various “crown” orders have shown extensive 
expansions of effector families in many Phytophthora species relative to other oomycetes 
(Adhikari et al., 2013; Jiang et al., 2013; McGowan and Fitzpatrick, 2017; McGowan, 
Byrne and Fitzpatrick, 2019) . Between 28% and 63% of genes in oomycete genomes 
belong to multi-gene families, with a lower proportion of duplicated genes in obligate 
biotrophs and an expanded proportion in highly-infective species like Saprolegnia 
parasitica and Ph. ramroum (McGowan, Byrne and Fitzpatrick, 2019). A number of 
oomycete genome papers have included some information as to the extent of putative 
HGT-derived genes in a given species’ genome and some dedicated investigations into 
the extent of HGT into oomycetes genomes have been carried out (Richards et al., 2006, 
2011; Savory, Leonard and Richards, 2015; McCarthy and Fitzpatrick, 2016). HGT from 
fungi into oomycetes is thought to be one potential source of the convergent evolution of 
the two groups and two papers from Richards and collaborators in 2006 and 2011 show 
evidence for substantial transfer of genes from fungi to oomycetes, particularly genes 
related to carbohydrate metabolism and plant cell wall degradation (Richards et al., 2006, 
2011). A similar analysis of HGT from prokaryotes into Phytophthora species (found in 
Chapter 2 of this thesis) found lower levels of putative HGT events from bacteria, largely 
from soil-based or rhizosphere-associated species, with transfer genes themselves 
involved in carbohydrate metabolism and xenobiotics degradation (McCarthy and 
Fitzpatrick, 2016).  
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1.3 The fungi 
 The fungal kingdom is probably the most diverse eukaryotic kingdom, with over 
100,000 species described and an estimated 1 million extant species ubiquitous across all 
environments (Blackwell, 2011; Hibbett and Glotzer, 2011). Fungi are generally 
distinguished from the other kingdoms of eukaryotes by their chitinous cell walls, 
filamentous growth and their acquisition of nutrients via osmotrophy (although some of 
these traits have evolved independently in other eukaryotes, e.g. the oomycetes) (Jones, 
Forn, et al., 2011; Richards et al., 2011). Many soil-borne fungi are primary decomposers 
of dead and decayed organic materials and litters, such as lignocellulolytic or 
hemicellulolytic white and brown rot fungi, or secondary decomposers of soils and 
composts such as the edible mushroom Agaricus bisporus (Berg et al., 2003; Morin et 
al., 2012). Some fungi are cultivated for use as food or intoxicants, while yeasts and many 
filamentous fungi including Aspergillus species are used in the production of many foods, 
drinks, and condiments. Other fungi are sources for many industrial and pharmaceutical 
compounds including antimicrobials, organic acids, biofuels and recombinant proteins. 
Fungal pathogens cause considerable disruption to human health and activity, including 
opportunistic invasive human pathogens like Candida albicans and Aspergillus 
fumigatus, crop pathogens like the wheat blotch fungus Zymoseptoria tritici and even 
ecological damage from environmental pathogens like ash dieback (Hymenoscyphus 
fraxineus) (Odds, Brown and Gow, 2004; Nierman et al., 2005; McMullan et al., 2018; 
Plissonneau, Hartmann and Croll, 2018). Due to their ubiquity across different aspects of 
existence and relative ease of culture and analysis, fungi have been intensively-studied in 
evolutionary biology and modern-day genomics, second only to bacteria. A number of 
fungi, especially the baking and brewing yeast Saccharomyces cerevisiae, are model 
organisms for eukaryote cell biology and evolution at large. Fungi are closely-related to 
animals, and the greater Holomycota (fungi, nucleariids and related groups) and Holozoa 
(animals, choanoflagellates and related groups) groupings are sister branches of the 
opisthokonts clade (Moreira et al., 2007; Jones, Richards, et al., 2011; Burki, 2014). 
Fungi are  estimated to have diverged from their closest unicellular ancestors 
approximately 1 billion years ago, and appear to have colonized terrestrial environments 
along with the oomycetes concomitant to the early colonization of land by plants (Dotzler 
et al., 2009; Lücking et al., 2009).  
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1.3.1 The ecology of the fungi 
 Fungi play a number of diverse roles in human lifestyle and human health. In this 
section, I focus on the various agricultural and biotechnological applications of fungi and 
on the role of fungi in disease in humans, animals and plants. 
 
1.3.1.1 Fungi in food and biotechnology 
Fungi are an important source of food and an important component in the 
production of food and drink. A number of fungi are cultivated as food, chief among 
which is the edible mushroom Agaricus bisporus which has been cultivated in Western 
Europe and the Americas since the 18th century (Morin et al., 2012). In other regions of 
the world, oyster mushrooms (Pleurotus ostreatus) and shiitake mushrooms (Lentinula 
edodes) are widely cultivated for human consumption (Fernández-Fueyo et al., 2014; 
Chen et al., 2016). The edible mushroom industry is worth an estimated $42 billion to the 
global economy, with the Irish mushroom industry alone worth approximately $1 billion 
annually (Chang, 2006; O’Connor et al., 2019). Yeasts, molds and filamentous fungi are 
commonly-used in food and drink production. S. cerevisiae and closely-related yeast 
species are most notably used as leavening or fermenting agents by converting sugars like 
glucose or maltose in a substrate (i.e. dough, wort, must) into ethanol and carbon dioxide. 
Other fermented drinks or condiments made from starchier substrates, such as soy sauce 
or sake, are brewed using amylase-rich filamentous fungi such as Aspergillus oryzae 
(Nout and Aidoo, 2002). Penicillium molds are used to produce blue cheeses such as 
Roquefort (Penicillium roqueforti) and fermented meats like salami (Penicillium 
nalgiovense) (Laich, Fierro and Martín, 2002). Fusarium venenatum, a non-pathogenic 
member of the Fusarium genus of filamentous fungi, is an industrial producer of 
mycoproteins including the meat substitute Quorn (King et al., 2018). 
Fungi also play an important role in biotechnology sectors including industrial 
production of additives and metabolites, pharmaceutical compounds and fuel sources. 
Industrial-scale production of compounds like citric acid and other organic acids utilizes 
lignocellulolytic enzymes from Aspergillus species, particularly Aspergillus niger 
(Cairns, Nai and Meyer, 2018). Genetically-modified yeasts like Komagataella phaffi are 
used extensively for recombinant protein production of insulins, vaccine compounds and 
animal feed additives (Cereghino and Cregg, 2000). Many of the current crop of 
antimicrobial compounds on the market are derivatives of antimicrobial compounds 
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produced by soil-borne and endophytic fungi, such as the penicillin and cephalosporin 
families of β-lactam antibiotics (Gao et al., 2017). Fungi have also seen an increasing 
amount of research as sources of hydrocarbons and other organic compounds with 
potential use as biofuels. Oleaginous yeasts, such as Yarrowia lipolytica, can break down 
hydrocarbon substrates and accumulate lipids in the form of triacylglycerols in 
specialized organelles known as lipid bodies up to >40% of its total mass, making them 
potential hosts for industrial-scale biofuel production (Thevenieau et al., 2009; Adrio, 
2017). 
 
1.3.1.2 Fungal pathogens of animals and plants: established and emerging diseases 
 Many fungi are pathogens of a wide variety of targets including humans, animals, 
plants and other microbes. Fungi are a much smaller component of the human and animal 
microbiome than bacteria or archaea, and it remains unclear whether their presence is of 
much benefit to the human host (Huffnagle and Noverr, 2013; Nash et al., 2017). The 
most common types of fungal diseases in humans and animals are generally small-scale 
localized or subcutaneous infections. Dandruff and facial dermatitis are generally caused 
by basidiomycete Malassezia yeasts, and dermatophytosis (ringworm) is caused by 
various keratinophilic fungi (Rivera, Losada and Nierman, 2012; Saunders, Scheynius 
and Heitman, 2012; Nash et al., 2017). More serious fungal diseases can occur in humans 
when the host immune system is weakened due to other diseases or treatment regimes, 
particularly in hospital settings. Infections by opportunistic Candida species can manifest 
as superficial or localized infections in body cavities such as the mouth or vagina (thrush), 
or it as systemic candidiasis with significant co-morbidity in AIDS and cancer patients 
(Palmer, Askew and Williamson, 2008; Butler et al., 2009; Kabir and Ahmad, 2013). 
Another significant hospital-acquired fungal infection is aspergillosis, caused by the 
filamentous fungi A. fumigatus and Aspergillus flavus which both produce toxic 
secondary metabolites (Nierman et al., 2005; McDonagh et al., 2008; Kousha, Tadi and 
Soubani, 2011; Kosmidis and Denning, 2015). Chronic aspergillosis is a respiratory and 
pulmonary disease and can disseminate throughout the blood stream in 
immunocompromised hosts (Kousha, Tadi and Soubani, 2011; Kosmidis and Denning, 
2015). Neglected tropical fungal diseases include subcutaneous mycetoma, caused by the 
ascomycete Madurella mycetomatis, and mucoromycosis caused by a number of “lower” 
fungi (Ahmed et al., 2004; Riley et al., 2016). 
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 Fungal plant pathogens can have an enormous impact on agriculture and global 
food security. Magnaporthe oryzae is a filamentous fungus responsible for rice blast 
disease in grasses like rice and wheat, which can destroy up to 30% of total yields (Nalley 
et al., 2016; Fernandez and Orth, 2018). Wheat stem rust (Puccinia graminis f. sp. tritici) 
is a problem for wheat and barley production worldwide. One particular lineage of wheat 
stem rust known as Ug99 (or TTKSK) is highly virulent against many common plant 
resistance genes and is spreading across Africa and the Middle East, where it has caused 
substantial and sometimes total crop loss (Singh et al., 2008, 2011). Outbreaks of 
Zymoseptoria tritici, which is resistant to many common antifungal compounds and 
fungicides, can result in up to 50% crop losses in wheat (Eyal et al., 1997; Dean et al., 
2012; Steinberg, 2015). Z. tritici has a highly plastic genome consisting of 21 
chromosomes, 8 of which are thought to be entirely dispensable to the fungus, and 
commonly undergoes repeat-induced mutations which in turn produces a large accessory 
genome of adaptive genetic material (Möller et al., 2018; Plissonneau, Hartmann and 
Croll, 2018). Other fungal plant pathogens have a significant impact on forestry and 
horticulture worldwide. Armillaria ostoyae is a pathogen of hardwood and conifer trees 
in the Pacific Northwest in the US, and is a causative agent of Armillaria root rot 
alongside other Armillaria species like the honey fungus (Ar. mellea) (Collins et al., 2013; 
Sipos et al., 2017; Coetzee, Wingfield and Wingfield, 2018). Hymenoscyphus fraxineus, 
the causative agent of ash dieback, is a fungal pathogen that has spread from Asia to 
Europe within the last 15 years and poses a significant threat to the largely dieback-
susceptible ash populations of the UK and Western Europe (Mitchell et al., 2014; 
McMullan et al., 2018; Sollars and Buggs, 2018). 
 
1.3.2 The taxonomy of the fungi 
Traditionally, the fungi were classified into four groups: the Ascomycetes, 
Basidiomycetes, Zygomycetes and Chytridiomycetes (James, Kauff, et al., 2006; Hibbett 
et al., 2007). The first two groups (grouped together into the Dikarya) encompass many 
macrofungi and yeasts, and the latter two groups traditionally encompassed many of the 
so-called “lower fungi” (Hibbett et al., 2007). With the advent of molecular phylogenies 
and phylogenomics a clearer picture of fungal evolution has formed, particularly for the 
lower fungi (James, Kauff, et al., 2006; Hibbett et al., 2007; Chang et al., 2015; Spatafora 
et al., 2016) (Figure 1.5). The current fungal taxonomy is divided into (generally) 7-8 
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well-supported phyla with either Cryptomycota or Microsporidia as sister to all other 
fungi (Jones, Forn, et al., 2011; Capella-Gutiérrez, Marcet-Houben and Gabaldón, 2012; 
Spatafora et al., 2016). The “lower fungi” are now categorized into Chytridiomycota, 
Blastocladiomycota, Neocallimastigomycota, Zoopagomycota and Mucoromycota 
(Hibbett et al., 2007; Spatafora et al., 2016) (Figure 1.5). These phyla include many rusts 
and animal pathogens. The dikarya contain Ascomycota (yeasts, filamentous fungi) and 
Basidiomycota (mushrooms, smuts) (Hibbett et al., 2007; Chang et al., 2015) (Figure 
1.5). In this section, I briefly review the taxonomy of the fungal kingdom and list 
examples of some well-known fungi in each major phylum. 
 
 
Figure 1.5 Simplified fungal tree of life, with example species included. Topology taken 
from Spatafora et al., 2016. 
 
1.3.2.1 Early-diverging fungi 
It is generally thought that the ancestor of “true” fungi diverged from other 
holozoans (most likely nucleariid amoebae) approximately 900 mya (Liu et al., 2009; 
Berbee, James and Strullu-Derrien, 2017). Potential sister groups to the fungi include the 
Cryptomycota (or rozellids) or Microsporidia, two phyla of endoparasitic eukaryotes 
(Corradi et al., 2010; Jones, Forn, et al., 2011; Capella-Gutiérrez, Marcet-Houben and 
Gabaldón, 2012; Spatafora et al., 2016; Berbee, James and Strullu-Derrien, 2017) . 
Species from both phyla have undergone extensive genome reduction accompanying a 
parasitic lifestyle – the microsporidian animal parasite Encephalitozoon cuniculi has one 
of the smallest eukaryotic genomes at a mere 2.9Mb – but some fungal innovations such 
as fungal-specific chitin synthase classes have been retained in Cryptomycota such as 
Rozella allomycis (Katinka et al., 2001; Corradi et al., 2010; Torruella et al., 2015; 
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Berbee, James and Strullu-Derrien, 2017). This suggests the last common ancestor of all 
fungi and their closest holozoan relatives possessed both chitinous cell walls and an 
osmotrophic lifestyle (Berbee, James and Strullu-Derrien, 2017). 
The remaining “lower” fungi all occupy varying environments and ecological 
niches (Hibbett et al., 2007; Spatafora et al., 2016) (Figure 1.5). Chytridiomycota are 
best known through the incredibly destructive Batrachochytridium genus of amphibian 
pathogens, most notably the chytridiomycosis agent Ba. dendrobatidis, which have 
resulted in major decline in amphibian populations worldwide as part of ongoing 
vertebrate extinction (Tanabe, Watanabe and Sugiyama, 2005; Fisher, Garner and 
Walker, 2009; Van Rooij et al., 2015; Ceballos, Ehrlich and Dirzo, 2017). Their close 
relatives the Blastocladiomycota encompass both saprotrophic fungi and obligate 
parasites of plants and animals, and include model organisms for early fungi such as 
Allomyces macrogynus (James, Letcher, et al., 2006; Porter et al., 2011). The 
Neocallimastigomycota are strictly anaerobic fungi unique to the gut flora of ruminants 
and other herbivores, where they play a crucial role in plant degradation (Mackie et al., 
2004; Liggenstoffer et al., 2010; Youssef et al., 2013; Wang, Liu and Groenewald, 2017). 
The Zoopagomycota consists of saprobes, mycoparasites and pathogens of insects and 
other invertebrates (McLaughlin and Spatafora, 2014; Spatafora et al., 2016). The 
Mucoromycota are the closest relatives to the Dikarya within the “lower” fungi, and 
include common bread molds and agents of opportunistic mucoromycosis infections from 
the Rhizopus genus as well as potential sources of lipids such as the oleaginous saprobe 
Umbelopsis isabellina (Riley et al., 2016; Spatafora et al., 2016; Gryganskyi et al., 2018; 
Kosa et al., 2018) (Figure 1.5). 
 
1.3.2.2 The Dikarya: yeasts, lichens and mushrooms 
 The Dikarya subkingdom encompasses over 95% of all described fungi, and is 
divided into the phyla Ascomycota and Basidiomycota (Hibbett et al., 2007; Stajich et 
al., 2009) (Figure 1.5). The hallmark trait of the Dikarya is the evolution of dikaryotic 
cells which contain two unfused haploid nuclei, allowing for greater genetic diversity 
within species, and other traits including multicellularity have evolved independently 
multiple times within the subkingdom (Hibbett et al., 2007; Stajich et al., 2009). The 
Ascomycota encompasses many familiar fungi, including notable yeasts and pathogenic 
fungi (Figure 1.5). Most ascomycetes can be distinguished by the formation of asci – 
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sexual structures which contain multiples of two or four ascospores (Stajich et al., 2009). 
The phylum is divided into three subphyla; Taphrinomycotina, Saccharomycotina, and 
Pezizomycotina. Taphrinomycotina encompass the fission yeasts, including the model 
fungus Schizosaccharomyces pombe, dimorphic plant pathogens such as Taphrina 
species and the Pneumocystidales – a group of yeasts which can cause serious pneumonia 
in humans (Wood et al., 2002; Cissé et al., 2013; Gigliotti, Limper and Wright, 2014). 
Saccharomycotina contains the Saccharomyces yeasts, along with pathogenic yeasts such 
as Candida albicans and oleaginous yeasts like Y. lipolytica (Butler et al., 2009; Liti et 
al., 2009; Magnan et al., 2016). Pezizomycotina is the largest ascomycete subphylum 
with over 30,000 described species, including many filamentous fungi such as the 
aspergilli, other molds such as the model fungus Neurospora crassa, and the majority of 
lichenized fungi (Galagan et al., 2003; Galagan, Calvo, et al., 2005; Lücking et al., 2009; 
Schoch et al., 2009). 
 The Basidiomycota contain many familiar macrofungi such as mushrooms, as 
well as a number of plant and human pathogens (Figure 1.5). Most basidiomycetes can 
be distinguished by their production of “fruiting bodies” that possess sporangia known as 
basidia, which themselves bear between two to eight basidiospores (Stajich et al., 2009). 
There are three subphyla in the Basidiomycota phylum; Pucciniomycotina, 
Ustilaginomycotina and Agaricomycotina. The Pucciniomycotina are the earliest-
diverging subphylum and contains many plant pathogenic yeasts and rusts including the 
stem rust fungus Puccinia graminis f. sp. tritici (Singh et al., 2008; Wang et al., 2015; 
Oberwinkler, 2017). The Ustilaginomycotina are mostly dimorphic plant pathogens, with 
some exceptions such as Malassezia species (dandruff and seborrhoeic dermatitis in 
animals) (Begerow, Stoll and Bauer, 2006; Saunders, Scheynius and Heitman, 2012). 
Agaricomycotina contains edible and poisonous mushrooms, jelly fungi and a number of 
non-ascomycete yeast species such as Cryptococcus neoformans (Fraser et al., 2005; 
Stajich et al., 2009; Medina, Jones and Fitzpatrick, 2011; Morin et al., 2012). 
 
1.3.3 Fungi in the genomics era 
Fungi are probably the most broadly-sampled branch of the eukaryotic tree of life 
for genome sequencing and comparative genomics. In this section, I provide a short recap 
of the history of fungal genome sequencing from the publication of the Saccharomyces 
cerevisiae genome in 1996 to large-scale community-led sequencing projects of the 
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present, and briefly discussed some observed trends within genomes across the fungal 
kingdom. 
 
1.3.3.1 Genome sequencing of fungi: from yeast to the 1000 Fungal Genomes Project 
As recounted in Chapter 1.1 above, the first eukaryote genome sequenced was 
that of S. cerevisiae between 1989 and 1996. Sequencing the complete genome of S. 
cerevisiae with the available technology in the early 90s required the work of 
approximately 600 scientists across 19 countries – the sequencing of chromosome III 
alone involved collaborators from 35 European laboratories (Goffeau and Vassarotti, 
1991; Oliver et al., 1992; Goffeau et al., 1996; Engel et al., 2014). This was followed in 
due course by the sequencing of the fission yeast S. pombe and other model species such 
as N. crassa but around the turn of the millennium there was a lull in fungal genome 
sequencing relative to other eukaryote taxa (Wood et al., 2002; Galagan et al., 2003; 
Hofmann, McIntyre and Nielsen, 2003; Galagan, Henn, et al., 2005; Cuomo and Birren, 
2010). Around this time two fungal sequencing and comparative genomics initiatives 
were set up in the US and France, the Fungal Genome Initiative (FGI) and the 
Génolevures consortium (Stajich et al., 2009; Cuomo and Birren, 2010; Souciet, 2011). 
The Génolevures project was organized by a number of laboratories within the French 
Centre national de la recherche scientifique (CNRS) to perform sequencing and large-
scale comparative genomics of yeasts including pathogenic species like Candida glabrata 
and biotech-relevant species like Y. lipolytica (Souciet et al., 2000; Souciet, 2011). The 
FGI was initially set up by fungal researchers and organizations in order to obtain greater 
funding for fungal genome sequencing from public bodies such as the National Human 
Genome Research Institute (NHGRI) in the US (Pennisi, 2001, 2002; Hofmann, McIntyre 
and Nielsen, 2003; Cuomo and Birren, 2010). The first white paper published by the 
initiative in 2002 proposed the sequencing of 15 important fungi divided into three 
categories; clinically-relevant species such as Cryptococcus neoformans (fungal 
meningitis), commercially-relevant species such as Magnaporthe grisea (rice blast) and 
important model species for evolutionary and population biology such as the gray shag 
mushroom Coprinopsis cinerea (Birren, Fink and Lander, 2002). Gradually the number 
of genome sequencing projects involved increased such that by the informal end of the 
FGI around the end of the 2000s, over 80 fungal species had their genomes sequenced 
(Cuomo and Birren, 2010). 
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Despite this greater genomic sampling of the fungal kingdom, 66 of the ~80 fungal 
genome sequences available to researchers around 2010 were from the Ascomycota and 
all but 5 were from the Dikarya (Cuomo and Birren, 2010). To broaden the amount of 
data available across the fungal tree of life, the Joint Genome Institute (JGI) in the US 
initiated the 1000 Fungal Genomes project (1KFG) from 2013 onwards (Grigoriev, 
Nordberg, et al., 2011; Grigoriev, 2013; Grigoriev et al., 2014). The 1KFG project is a 
community-led effort to sequence over 1000 genomes with a particular focus on covering 
the full diversity of fungi by “sequencing at least two reference genomes from the more 
than 500 recognized families of Fungi” according to the JGI’s MycoCosm web portal 
(https://mycocosm.jgi.doe.gov/mycocosm/home/1000-fungal-genomes) (Grigoriev et 
al., 2014). To date the project has seen an incredible increase in the amount of genomic 
data available for the fungal kingdom; there are over 1,400 fungal genome sequences 
available from MycoCosm as of October 2019, over a thousand more than there were five 
years ago and of which 529 have been sequenced as part of the 1KFG (Grigoriev et al., 
2014). Additionally, over 100 genome sequences from phyla outside the Dikarya are 
available from MycoCosm. Other large-scale sequencing projects for the fungi have 
limited their range to deeper parts of the fungal tree of life, such as the Y1000+ project 
based at the University of Wisconsin-Madison, which is currently sequencing over 1,000 
yeast species from across the Saccharomycotina (Shen et al., 2018) and the 1,002 Yeast 
Genome project which has sequenced over 1,000 individual strains of S. cerevisiae 
sampled from diverse global locations and ecological sources (Hittinger et al., 2015; Peter 
and Schacherer, 2016; Peter et al., 2018). 
 
1.3.3.2 Trends in fungal genome evolution 
As a broad kingdom containing potentially close to a million extant species, it is 
unsurprising that genome size and architecture varies substantially within the fungi 
(Blackwell, 2011; Hibbett and Glotzer, 2011). The average fungal genome is 
approximately 38Mb in size with an average number of protein-coding genes is 
approximately 11,000 genes, based on all successfully sequenced fungi to date (Stajich, 
2017). The largest gene count observed in the fungi to date has been seen in the genome 
for Sphaerobolus stellatus, the cannonball fungus, which is estimated to encode over 
35,000 genes (Kohler et al., 2015). Other mycorhizzal fungi such as Gymnopus luxurians 
also possess genomes which encode over 20,000 genes, partially as a result of increased 
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gene duplication and greater evolution of multi-gene families (Kohler et al., 2015). 
Genome expansion has been observed in some basidiomycete fungi such as the rust fungi 
(e.g. flow cytometry estimates the Gymnosporangium confusum genome around 800Mb 
in size) and the Entomophthoromycotina (DNA staining techniques estimate the 
vertebrate gut fungus Basidiobolus ranarum has a likely genome size of ~700Mb) (Henk 
and Fisher, 2012; Tavares et al., 2014). Within the Entomophthoromycotina, genome 
expansions appears to have occurred due to the increased presence of transposable 
elements, similar to genome expansions in oomycetes like Ph. infestans (Haas et al., 
2009; De Fine Licht, Jensen and Eilenberg, 2017). Some obligate parasites from the 
Microsporidia have genomes as small as 3Mb (smaller than the 4.6Mb genome of 
Escherichia coli K-12) and the genome of Encephalitozoon cuniculi encodes less than 
2,000 genes (Blattner et al., 1997; Katinka et al., 2001; Corradi et al., 2010). Both 
ascomycete and basidiomycete yeasts have small genomes around 9-20Mb encoding 
between ~5,100 (in the case of Schizosaccharomyces pombe) and ~7,000 (in the case of 
Cryptococcus neoformans) protein-coding genes (Wood et al., 2002; Fraser et al., 2005; 
Stajich, 2017). The reduced gene count and genome size of both ascomycete and 
basidiomycete yeasts relative to their closest multicellular relatives appears to be the 
result of independent extensive gene reduction during the evolution of unicellular growth 
(Dujon et al., 2004; Kohler et al., 2015). The effects of hybridization and introgression 
on fungal genome evolution have been extensively-studied in different Saccharomyces 
species (De Barros Lopes et al., 2002; Morales and Dujon, 2012; Marsit and Dequin, 
2015; Dujon and Louis, 2017). Ancestral whole genome duplication events have also 
been studied in S. cerevisiae and closely-related yeast lineages, and potential WGD events 
have also been identified in other fungi such as Rhizopus oryzae (Wolfe and Shields, 
1997; Ma et al., 2009; Marcet-Houben and Gabaldón, 2015). Extensive HGT within fungi 
has been observed across and within different branches of the fungal tree of life including 
Neocallimastigomycota, plant pathogenic and human pathogenic ascomycetes, and 
hallucinogenic mushrooms (Szöllősi et al., 2015; Qiu et al., 2016; Reynolds et al., 2018; 
Murphy et al., 2019).  
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1.4 Thesis aims and overview 
The bulk of this thesis consists of five separate studies of the genome evolution 
of two microbial eukaryote groups: the oomycetes and the fungi (Chapters 2-6). They 
cover a breadth of different comparative genomics studies that can be carried out for both 
undersampled and densely-sampled microbial eukaryotes as I have described in this 
chapter. Below, I briefly explain the format of the remaining chapters in this thesis, and 
give an overview of the aims and findings of each chapter. 
 
1.4.1 Thesis format and structure 
 Each study in Chapters 2-6 has been peer-reviewed and published in scientific 
journals. The text in each of these chapters appears as it was in the last revised version 
prior to publication, formatted to conform to the expected thesis standards. Therefore this 
is a PhD thesis by publication. As a collection of works rather than a monograph, each 
chapter reflects the current scientific knowledge (or knowledge of the author) at the time 
of writing and is written for a general scientific audience with an assumed level of 
expertise in the given subject area of each chapter. Significant terminology not otherwise 
discussed in this chapter is usually explained in the text of each chapter where relevant. 
Each study chapter contains its own chapter outline and discussion of relevant findings 
and other literature. The final chapter (Chapter 7) is a discussion of future perspectives 
based on the work in this thesis . 
 
1.4.2 Oomycete genome evolution: interdomain HGT and 
phylogenomics 
 For the oomycetes, who are undersampled at the genomics level, I performed two 
“pioneer” genomics studies: the first an analysis of inter-domain HGT into plant 
pathogenic oomycete genomes (Chapter 2) and the second a phylogenomic 
reconstruction of oomycete evolutionary history based on the range of genomics data 
available at the time (Chapter 3). Both studies are “pioneer” in the sense that they 1) 
establish the incidences of transfer of bacterially or archaeally-inherited genes into 
oomycete genomes as low, but present and 2) represent the first phylogeny for the 
oomycete class using genome-level data, as opposed to single or multi-gene data, lending 
a greater degree of clarity to our understanding of oomycete evolutionary history.  
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1.4.3 Fungal genome evolution: kingdom-level phylogenomics 
For the fungi themselves, I took advantage of the greater amount of genomics data 
both for the kingdom at large and in terms of genomes sampled within strains to perform 
several large-scale genomics analyses. The first of these was a critical review and 
benchmarking of seven different methods of phylogenomic analysis using 84 genomes 
taken from across the fungal kingdom as a test case (Chapter 4). For each method, I 
review its previous implementation in fungal phylogenomics (if any), then perform 
phylogenomic reconstruction of the fungal kingdom using that method and comparing 
the resultant phylogeny to the literature. In this study, we found that established methods 
of phylogenomic reconsturction (MRP supertree, ML/Bayesian supermatrix) generated 
phylogenies which were consistent with the established view of fungal phylogeny. A 
contemporary method of phylogenomic reconstruction (ST-RF supertree) also generated 
a phylogeny consistent with the literature, suggesting that ST-RF supertree reconstruction 
could become a useful comparison with other methods in the future. Other methods (e.g. 
Average Consensus, Maximum Parsimony) produce more aberrant phylogenies and have 
other disadvantages in terms of computational time, which is discussed in greater detail 
in Chapter 4. 
 
1.4.4 Fungal genome evolution: pangenomics of model and non-model 
fungi 
The second fungal study was a large-scale comparative analysis of the evolution, 
function and structure of the pangenomes of four model fungal organisms: 
Saccharomyces cerevisiae, Candida albicans, Cryptococcus neoformans and Aspergillus 
fumigatus (Chapter 5). Our analysis showed evidence for a syntenic “core” genome of 
80%-90% of all gene content within each species, consistent with analyses of other 
eukaryotes. Preliminary analysis suggests that fungal pangenomes evolves via gene 
duplication as opposed to HGT as seen in prokaryotes. I also perform a number of 
characterization analyses of fungal core and accessory genomes to establish their 
functional and structural diversity among different fungi. The third and final study was a 
refinement and reimplementation of the methodology of Chapter 5 intended for general 
release as the pangenomics pipeline “Pangloss”, which included a reanalysis of the 
Aspergillus fumigatus pangenome data from Chapter 5 and analysis of the pangenome 
of the oleaginous yeast Yarrowia lipolytica (Chapter 6). Compared to our ad hoc 
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methodology in Chapter 5, Pangloss features improvements in gene prediction 
methodology and data visualization capabilities in addition to greater ease-of-use for 
pangenome analysis. 
 
1.4.5 Discussion and future perspective of microbial eukaryote 
genomics 
 The final chapter of this thesis, Chapter 7, consists of a short discussion of what 
future research may emerge within some of the topics covered in my Ph.D. research. For 
the oomycetes, I discuss what future oomycete genome evolution research may be 
conducted building on some of the observations in this thesis; including resolving the 
problematic branches of the oomycete evolutionary tree and broader studies of molecular 
evolution and diversity of oomycetes both for individual species and the class as a whole. 
For the fungi, I discuss the increasing abundance of genomics data available for the 
kingdom and how this abundance of data will affect fungal genome evolution research 
along similar lines.
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Chapter 2 – Systematic 
search for evidence of 
inter-domain horizontal 
gene transfer from 
prokaryotes to oomycota 
lineages 
 
 
 
This chapter was previously published in mSphere in September 2016. 
 
McCarthy C. G. P. & Fitzpatrick D. A. (2016). Systematic search for evidence of 
interdomain horizontal gene transfer from prokaryotes to oomycete lineages. mSphere, 
1(5):e00195-16. 
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Chapter outline 
While most commonly associated with prokaryotes, HGT can also have a 
significant influence of the evolution of eukaryotes. Systematic analysis of HGT in the 
genomes of the oomycetes, filamentous eukaryotic microorganisms in the SAR 
supergroup, has to date focused mainly on intra-domain transfer events between 
oomycetes and fungi. Using systematic whole genome analysis followed by phylogenetic 
reconstruction, we have investigated the extent of inter-domain HGT between bacteria 
and plant pathogenic oomycetes. We report five putative instances of HGT from bacteria 
into the oomycetes. Two transfers are found in Phytophthora species, including one 
unique to the cucurbit pathogen Phytophthora capsici. Two are found in Pythium species 
only and the final transfer event is present in Phytopythium and Pythium species, the first 
reported bacteria-inherited genes in these genera. Our putative transfers include one 
protein that appears to be a member of the Pythium secretome, metabolic proteins, and 
enzymes that could potentially break down xenobiotics within the cell. Our findings 
complement both previous reports of bacterial genes in oomycete and SAR genomes, and 
the growing body of evidence that inter-domain transfer from prokaryotes into eukaryotes 
occurs more frequently than previously thought. 
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2.1 Introduction 
2.1.1 Horizontal gene transfer in eukaryotes 
Horizontal gene transfer, “the non-genealogical transfer of genetic material from 
one organism to another” (Goldenfeld and Woese, 2007), is most closely associated with 
antimicrobial resistance in bacteria. The cumulative effect of transfer events has had a 
significant impact on overall prokaryotic genome evolution. For example it is estimated 
up to 80% of genes in some prokaryote genomes have undergone intra-domain HGT at 
some point in their history (Dagan, Artzy-Randrup and Martin, 2008). Inter-domain 
transfer of genetic material between prokaryotes and eukaryotes has previously been 
understood in the context of endosymbiotic gene transfer, which has made a significant 
contribution to the evolution of eukaryotic genomes (Keeling and Palmer, 2008), most 
notably in the evolution of the mitochondrion in eukaryotes through an ancestral primary 
endosymbiosis event with a Rickettsia-like a-proteobacterium, and the evolution of the 
plastid in the Archaeplastida through ancestral primary endosymbiosis with a 
cyanobacterium (Soucy, Huang and Gogarten, 2015). However, there is a growing body 
of literature supporting the existence of HGT between prokaryotes and eukaryotes, and 
many non-endosymbiotic horizontal inter-domain gene transfer events between bacteria 
and eukaryotes have been described (Dunning Hotopp, 2011). Numerous metabolic genes 
have been transferred into the genomes of parasitic microbial eukaryotes (Alsmark et al., 
2013; Hirt, Alsmark and Embley, 2015). Over 700 bacterial genes are present across fungi 
with particular concentration in Pezizomycotina (Marcet-Houben and Gabaldón, 2010), 
71 putative bacterial genes have been identified in Hydra vulgaris (Chapman et al., 2010), 
and the plant parasitic nematode Meloidogyne incognita secretes cell wall-degrading 
enzymes inherited from soil-dwelling Actinomycetales and the b-proteobacterium 
Ralstonia solanacearum (Danchin et al., 2010). 
 
2.1.2 Diversity and ecological roles of the oomycetes 
The oomycetes are a class of microscopic eukaryotes placed in the diverse 
stramenopile (or heterokont) lineage within the Stramenopiles-Alveolata-Rhizaria 
eukaryotic supergroup (Burki, 2014). Historically classified as fungi due to their 
filamentous growth and similar ecological roles, oomycetes can be distinguished from 
“true” fungi by a number of structural, metabolic and reproductive differences (Beakes, 
Glockling and Sekimoto, 2012). The present placement of the oomycetes within the 
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stramenopile lineage, and by extension within the SAR supergroup, is supported by 
phylogenomic analyses of 18S rRNA, conserved protein and EST data, which also 
support the supergroup’s monophyly over previous configurations such as 
“chromalveolates” (Burki et al., 2007; Shalchian-Tabrizi et al., 2007; Hampl et al., 2009; 
Gaston and Roger, 2013). 
The most ecologically destructive orders within the oomycetes are the 
Saprolegniales order, known as “cotton moulds”, which include marine and freshwater 
pathogens of fish, and the closely related and predominantly terrestrial plant pathogenic 
orders Peronosporales and Pythiales (Jiang and Tyler, 2012). The Pythiales order includes 
members of the marine and terrestrial genus Pythium, necrotrophic generalistic causative 
agents of root rot and damping off in many terrestrial plants (Table 2.1). Some species 
(Pythium aphanidermatum and Pythium ultimum) are found in high-temperature or 
greenhouse conditions, while others (Pythium irregulare and Pythium iwayami) are most 
virulent at lower temperatures (Adhikari et al., 2013). Pythium ultimum and Pythium 
irregulare have broad ecological host ranges, while P. iwayami and Pythium 
arrhenomanes display some preference for monocots (Lévesque and de Cock, 2004; 
Adhikari et al., 2013). 
Table 2.1. Summary of host ranges or optimum environments of oomycete species 
analysed in this study. 
Species Host(s) 
Phytophthora capsici Curcubits (e.g. Cucurbita pepo) 
Phytophthora infestans Solanaceae (e.g. Solanum tuberosum) 
Phytophthora kernoviae Fagus sylvatica, Rhododendron 
Phytophthora lateralis Chamaecyparis lawsoniana 
Phytophthora parasitica Broad range, incl. Nicotiana tabacum 
Phytophthora ramorum Broad range, incl. Quercus, Rhododendron 
Phytophthora sojae Glycine max 
Phytopythium vexans Tropical forest species 
Pythium aphanidermatum Broad range, virulent at higher temperatures 
Pythium arrhenomanes Monocots 
Pythium irregulare Broad range, virulent at lower temperatures 
Pythium iwayami Monocots, virulent at lower temperatures 
Pythium ultimum var. sporangiiferum Broad range 
Pythium ultimum var. ultimum Broad range, virulent at higher temperatures 
 
The Peronosporales order includes the paraphyletic hemibiotrophic genus 
Phytophthora, whose member species exhibit both broad and highly specialized host 
ranges (Table 2.1). Generalistic Pythophthora species include Phytophthora ramorum 
and Phytophthora kernoviae (sudden oak death and dieback in many other plant species, 
particularly Rhododendron), Phytophthora parasitica (black shank disease in a diverse 
 38 
range of plants) and Phytophthora capsici (blight and root rot in Cucurbitaceae, 
Solanaceae and Fabaceae). Species with more specialized host ranges include 
Phytophthora sojae and Phytophthora lateralis (root rot in soybean and Port Orford 
cedar, respectively), and Phytophthora infestans (late blight in some Solanaceae, most 
notoriously in potato). The tropical plant pathogen Phytopythium vexans was previously 
classified in Pythium clade K (Lévesque and de Cock, 2004), but that clade has since been 
reclassified into Phytopythium, a morphological and phylogenetic intermediate genus 
between Phytopthora and Pythium (de Cock et al., 2015). 
 
2.1.3 Interdomain HGT in oomycetes 
To date, large scale systematic analysis of the influence of HGT on oomycete 
genome evolution has focused on intra-domain transfer between fungi and oomycetes 
(Judelson, 2012; Savory, Leonard and Richards, 2015). The most extensive study 
revealed up to 34 putative transfers from fungi to oomycetes, many of which were 
enzymes involved in carbohydrate metabolism (Richards et al., 2011). Three of these 
genes had previously been transferred from bacteria to fungi (Richards et al., 2006). The 
number of HGT events between bacteria and oomycetes described in the literature is 
sparse and most incidents of inter-domain HGT have been discovered within the context 
of fungi-focused studies. However, recent analyses have shown Actinobacterial cutinase 
has orthologs in a number of Phytophthora species (Belbahri et al., 2008) with subsequent 
copy expansion in Phytophthora sojae. Disintegrins and endonucleases secreted by 
Saprolegnia parasitica appear to be bacterial in origin (Jiang et al., 2013), and studies of 
the secretomes of the Saprolegniales species Achlya hypogyna and Thraustotheca clavata 
revealed one ancestral endoglucanase and three genes specific to the Saprolegniales order 
which had been transferred from bacteria (Misner et al., 2015). As with other unicellular 
eukaryotes, some genes in Phytophtora involved in amino acid metabolism have been 
obtained via horizontal transfer from bacteria (Whitaker, McConkey and Westhead, 
2009). Other studies have identified ancestral bacterial HGT events within other 
stramenopile genomes (Bowler et al., 2008) or in other lineages within the SAR 
supergroup (Nosenko and Bhattacharya, 2007; Martens, Vandepoele and Van de Peer, 
2008; Morris et al., 2009). 
In light of these previous studies of the influence of HGT in the evolution of the 
oomycetes, we undertook a systematic investigation focusing on the extent of bacterial 
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transfer into the oomycetes. We analysed 13 species from the plant pathogenic genera 
Pythium and Phytophthora, as well as the recently reclassified species Phytopythium 
vexans, for genes with sufficient evidence for non-vertical inheritance from bacteria. 
Here, we report five recent transfers from bacteria into individual oomycete lineages, 
including what we believe to be the first descriptions of inter-domain HGT involving 
Pythium. 
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2.2 Materials and Methods 
2.2.1 Dataset assembly 
 The predicted proteomes for seven Phytophthora species (P. capsici, P. infestans, 
P. kernoviae, P. lateralis, P. parasitica, P. ramorum and P. sojae), Phytopythium vexans, 
and six Pythium species (P. aphanidermatum, P. arrhenomanes, P. irregulare, P. 
iwayami, P. ultimum var. sporangiiferum and P. ultimum var. ultimum) were analysed for 
possible bacterial-oomycete HGT events. To ensure a broad taxon sampling for the 
oomycetes as a whole, we downloaded all available oomycete genome data from public 
databases. The predicted proteomes of the Peronosporales species Hyaloperonospora 
arabidopsidis (Baxter et al., 2010) and Albugo laibachii (Kemen et al., 2011), the 
predicted proteomes of the Saprolegniales species Saprolegnia parasitica (Jiang et al., 
2013), Saprolegnia diclina, Aphanomyces invadans and Aphanomyces astaci (Broad 
Institute), and the secretomes of the Saprolegniales species Achyla hypogyna and 
Thraustotheca clavata (Misner et al., 2015) were included in our local database. To cover 
taxon sampling of the stramenopiles, the predicted proteomes of the two diatoms 
Phaeodactylum tricornutum and Thalassiosira pseudonana (Armbrust et al., 2004; 
Bowler et al., 2008), and the alga Aureococcus anophagefferens (Gobler et al., 2011) 
were also included. In addition to our oomycete and stramenopile data, our database 
contained all non-redundant prokaryotic protein data available. To construct this portion 
and reduce redundancy a representative genome from each prokaryotic species in the full 
NCBI GenBank database (Benson et al., 2013) was included. In total, just under 5 million 
protein sequences from 1486 prokaryotic genomes were retained. More than 3 million 
sequences from 212 eukaryotic nuclear genomes were included, sampling a diverse range 
of animal, plant and fungal lineages (Table S2.1). 
 
 
2.2.2 Identification of putative bacteria-oomycete HGT events 
 Our methods for identifying candidate bacterial HGT genes followed those of 
Richards et al. (Richards et al., 2011) in their analysis of fungal HGT genes in the 
oomycetes. Repetitive and transposable elements were identified and removed from each 
Phytophthora and Phytopythium/Pythium proteome by performing homology searches 
against Repbase (Jurka et al., 2005), using tBLASTn (Ramsay et al., 2000; Camacho et 
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al., 2009) with an e-value cutoff of 10-20 (Table 2.2). The remaining protein sequences in 
each oomycete proteome were then further filtered and clustered into groups of paralogs 
using OrthoMCL (Li, Stoeckert and Roos, 2003), with an e-value cutoff of 10-20 and an 
inflation value of 1.5 (Table 2.2). Representative sequences from each group of paralogs, 
along with unclustered singleton sequences, were retrieved from their respective 
proteomes. These sequences were then queried against our local database using BLASTp 
with an e-value cutoff of 10-20. 
Using bespoke Python scripting we identified 106 genes whose homology 
supported a bacterial transfer into an individual oomycete lineage (proteins whose first 
hit outside their own genus was bacterial) and retrieved them for a second round of 
OrthoMCL clustering to remove redundancy in our datasets for each genus (Table 2.2). 
All retrieved protein sequences were clustered into groups of orthologs using OrthoMCL 
with an e-value cutoff of 10-20 and an inflation value of 1.5 (Table 2.3). 64 representative 
and singleton sequences from these datasets were then queried against our local database 
using BLASTp with an e-value cutoff of 10-20 and an arbitrary limit for maximum hits 
per query sequence. The corresponding gene family for each candidate HGT gene was 
constructed from our BLASTp results. 
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Table 2.2. Identification of sequences with high bacterial homology as candidate HGT events within oomycete genomes. 
Proteome Initial size 
After 
Repbase 
filtering 
OrthoMCL clusters 
(# of sequences) 
OrthoMCL 
unclustered 
sequences 
Intergenic 
bacterial hits 
Phytophthora capsici 19,805 16,169 1,732 (8,879) 7,290 6 
Phytophthora infestans 18,140 17,013 2,032 (9,459) 7,553 2 
Phytophthora kernoviae 10,650 10,435 750 (3,244) 7,016 0 
Phytophthora lateralis 11,635 10,539 880 (4,110) 6,337 14 
Phytophthora parasitica 20,822 18,640 2,084 (10,153) 8,437 2 
Phytophthora ramorum 15,743 13,403 1,639 (7,839) 5,564 5 
Phytophthora sojae 26,584 22,210 2,418 (13,544) 8,666 2 
Phytopythium vexans 11,958 11,634 1,097 (4,932) 6,702 7 
Pythium aphanidermatum 12,312 12,002 1,144 (5,129) 6,873 11 
Pythium arrhenomanes 13,805 13,224 1,221 (5,647) 7,577 18 
Pythium irregulare 13,805 13,297 1,214 (5,888) 7,409 6 
Pythium iwayami 14,875 14,279 1,303 (6,185) 8,094 6 
Pythium ultimum var. sporangiiferum 14,096 13,915 917 (4,208) 9,707 13 
Pythium ultimum var. ultimum 15,323 14,780 1,305 (6,661) 8,119 14 
 
Table 2.3. Identification of putative bacterial HGT sequences in Phytophthora, Pythium and Phytopythium.  
Genus Intergenic bacterial hits 
OrthoMCL clusters 
(# of sequences) 
OrthoMCL 
unclustered 
sequences 
Maximum-likelihood 
phylogenies 
Putative HGT 
sequences 
Phytophthora 31 22 (28) 3 25 3 
Phytopythium / Pythium 75 16 (59) 23 39 2 
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2.2.3 Phylogenetic reconstruction of putative bacteria-oomycete HGT 
events 
 64 candidate HGT gene families were aligned using MUSCLE (Edgar, 2004) and 
best-fit amino acid replacement models were selected for each alignment using ProtTest 
(Darriba et al., 2011). Maximum likelihood phylogenetic reconstruction for each 
alignment was carried out using PhyML (Guindon et al., 2010) with 100 bootstrap 
replicates. Each phylogenetic tree was visualized and annotated with GenBank data using 
bespoke Python scripting and iTOL (Letunic and Bork, 2016). Additional phylogenetic 
analysis using consensus network methods was carried out using SplitsTree (Huson and 
Bryant, 2006). 
 
2.2.4 Analysis of bacterial contamination and taxon sampling 
 Seed genes and their directly adjacent gene were examined for their particular 
homology; to determine whether candidate HGT genes were not simply the result of 
bacterial contamination of genomes along particular contigs or scaffolds. For each seed 
gene arising from P. capsici, the genomic location of that gene was identified by querying 
its corresponding protein sequence against the JGI P. capsici database 
(http://genome.jgi.doe.gov/PhycaF7) using tBLASTn with an e-value cutoff of 10-4. 
Homology data for each seed gene and their adjacent genes were provided by the JGI P. 
capsici genome browser (Table S2.2). For each Pythium seed gene, the genomic location 
of the gene was identified by querying the corresponding protein sequence against the 
genomic scaffolds of the source species using tBLASTn with an e-value cutoff of 10-4, 
and then the seed gene’s corresponding protein sequence and its two adjacent protein 
sequences were queried against the NCBI’s non-redundant protein sequence database 
using BLASTp with an e-value cutoff of 10-20 (Table S2.2). 
For studies of HGT in eukaryotes, particularly transfer between prokaryotes and 
eukaryotes, it is essential that genomic data covers as broad a range of taxa, to prevent as 
much as possible the introduction of bias into analysis and thus reduce the likelihood of 
obtaining false positive for transfer events (Huang, 2013; Gluck-Thaler and Slot, 2015). 
Comparison of the taxon sampling in our database with the NCBI data was performed by 
searching each seed gene’s protein sequence against the NCBI non-redundant protein 
sequence database using BLASTp with an e-value cutoff of 10-20. The seed sequence and 
its homologs were aligned in MUSCLE and neighbour-joining trees were constructed in 
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QuickTree (Howe, Bateman and Durbin, 2002) using 100 bootstrap replicates, and each 
tree was annotated with GenBank data. Maximum-likelihood HGT phylogenies whose 
topology conflicted substantially with their corresponding neighbour-joining tree due to 
differences in taxon sampling were excluded from further analysis. 
 
2.2.5 Characterization and functional annotation of putative bacteria-
oomycete HGT families 
 For the remaining putative HGT families, bespoke Python scripting was used to 
calculate the sequence length, GC-content and exon number of each oomycete gene 
present. The average sequence length, GC-content and exon number for each 
Phytophthora, Phytopythium and Pythium genome was also calculated (Table S2.3). 
Additionally, the sequence length and GC-content of one or more bacterial sister genes 
were calculated using bespoke Python scripting (Table S2.4). Optimal local alignments 
of each seed protein sequence against a representative bacterial sister gene was generated 
using CLUSTAL Omega (Rice, Longden and Bleasby, 2000) (Table S2.5). Putative 
function of each putative HGT family was annotated by performing initial PFAM 
homology searches of each seed protein sequence (Finn et al., 2015) (Table S2.6) with 
an e-value cutoff of 10-4 and BLAST homology searches against the NCBI’s non-
redundant protein database with an e-value cutoff of 10-20. To complement these initial 
annotations, each seed protein sequence was then analysed in InterProScan (Jones et al., 
2014). Signal peptide and subcellular localization prediction analysis for each seed 
protein sequence was carried out using SignalP and TargetP, respectively (Emanuelsson 
et al., 2000; Petersen et al., 2011), with the default parameters. Multivariate codon usage 
analysis of each genome was carried out using GCUA (McInerney, 1998), and each  
(Table S2.7). 
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2.3 Results and Discussion 
2.3.1 Analysis of bacterial HGT into Phytophthora and Pythium 
To investigate the extent of bacterial HGT into the oomycetes, we generated gene 
phylogenies for every oomycete protein sequence whose bidirectional homology analysis 
supported a recent transfer from bacteria to an oomycete species. Such phylogenies were 
generated with techniques that have previously identified multiple intra-domain HGT 
events between fungi and oomycetes (18); using OrthoMCL (Li, Stoeckert and Roos, 
2003) to generate clusters of orthologous proteins, searching representative proteins 
against a large database using BLASTp (Altschul et al., 1997), and generation of 
maximum-likelihood phylogenetic reconstructions using PhyML (Guindon and Gascuel, 
2003). To reduce the chances of false positive identification of putative HGT genes due 
to poor taxon sampling (Huang, 2013; Gluck-Thaler and Slot, 2015), oomycete protein 
sequences were queried against a local database using BLASTp, with broad taxon 
sampling in the database across prokaryotes and eukaryotes (Table S2.1). 106 oomycete 
proteins were found to have a top database hit with a bacterial protein. Filtering for 
redundancy (due to multiple homologs in a single species for example), 64 unique 
candidate maximum-likelihood HGT phylogenies with 100 bootstrap replicates (Table 
2.2) were generated using PhyML with the best-fit model for each phylogeny chosen by 
ProtTest (Darriba et al., 2011). Of these 64 phylogenies, 59 were ultimately discarded 
due to poor bootstrap support, inadequate taxon sampling or irresolvable topology (Table 
2.3). Our phylogenies infer three types of bacteria-oomycete HGT within our candidate 
HGT phylogenies;  
1) Recent bacterial transfer into the Pythium / Phytopythium lineage (1 
individual incidences)   
2) Recent bacterial transfer into the Phytophthora lineage (2 individual 
incidences).  
3) Recent bacterial transfer into the Pythium lineage (2 individual 
incidences).  
To help ensure that none of our putative HGT families were in fact the product of 
bacterial contamination, the homology of each seed gene and its adjacent genes were 
investigated. In each of our five putative HGT families we found that there was no 
obvious evidence of bacterial contamination along a source contig resulting in false 
positives for bacterial-oomycete HGT events (Table S2.2). As we were also conscious of 
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the risk of poor taxon sampling giving us false positives, we also compared the taxon 
sampling in our local database with the NCBI protein data. We queried each seed protein 
sequence against the NCBI’s non-redundant protein sequence database using BLASTp 
with an e-value cutoff of 10-20, aligned homologs and generated neighbour-joining 
phylogenies for each seed gene (not shown). Where the BLASTp data retrieved from 
NCBI mirrored our own local searches, and the corresponding neighbour-joining 
phylogeny showed the seed gene clearly grouped within an oomycete clade or a bacterial 
clade we were satisfied that our taxon sampling had sufficiently covered all available 
protein data. All of our 5 candidate HGT genes satisfy these criteria. Each phylogeny was 
evaluated for other characteristics that may have reinforced or rejected our hypothesis 
that HGT had occurred. Gene characteristics such as GC-content, exon number and 
sequence length of each oomycete gene arising from transfer in our phylogenies was 
calculated (Table S2.3) and compared to the average of their corresponding genome. 
Gene characteristics of bacterial homologs in potential donor species were also calculated 
(Table S2.4). Sequence similarity and identity at the amino acid level between each seed 
HGT protein and a sister homolog from a potential bacterial donor was also investigated 
(Table S2.5). Similarly, the codon usage patterns of the seed genes used to generate each 
phylogeny were also compared with the codon usage patterns of their potential bacterial 
donors (Table S2.7). No codon usage pattern analysis was conclusive in proving or 
disproving that horizontal inheritance of these genes had occurred. However, this is not 
uncommon for codon usage analyses as the codon usage of transferred genes is known to 
ameliorate to match that of the recipient genome (Koski, Morton and Golding, 2001). 
We have identified five well supported phylogenies that show putative HGT 
events from bacterial species into the oomycetes. Three display topologies supporting a 
recent transfer into the Pythium or Phytopythium lineage, (Figures 2.1-2.3), while the 
remaining two support a recent HGT into the Phythophthora lineage (Figures 2.4 & 2.5). 
Below, we present and discuss each recent transfer individually; describing both the 
hypothesis for horizontal inheritance in each phylogenetic reconstruction and the 
functional characterization of each transferred gene family. We also compare the 
placement of the oomycete homologs in each of the five phylogenies with those of other 
eukaryotic homologs, particularly fungi, so as to illustrate that these genes were not 
inherited vertically through a shared eukaryotic lineage. Each transfer is also summarized 
in Table 2.4. 
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Table 2.4. Summary of each putative bacterial-oomycete HGT event. 
Tree Seed species Potential donor(s) Identity (%) Putative function Secreted 
Figure 2.1 P. ultimum  C. aerophila 56.5 Class II fumarase No 
Figure 2.2 P. aphanidermatum Proteobacteria 54.0 NmrA-like quinone oxidoreductase No 
Figure 2.3 P. aphanidermatum Actinobacteria  58.6 SnoaL-like polyketide cyclase Yes 
Figure 2.4 Ph. capsici M. radiotolerans  68.2 Epoxide hydrolase No 
Figure 2.5 Ph. capsici Sphingomonas 59.1 Alcohol dehydrogenase No 
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Figure 2.1. Maximum likelihood phylogeny illustrating putative transfer of class II fumarase from Caldilinea aerophila into Phytopythium / 
Pythium lineage. Clades A, B & C referred to in the main text are highlighted. Selected bootstrap support values are shown at nodes. See Figure 
S2.1 in Supplementary Material for full phylogenetic tree. 
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2.3.2 A putative class II fumarase distinct from Rickettsia class II 
fumarase in Phytopythium vexans and Pythium spp. originates from 
bacteria 
A protein in Pythium ultimum var. sporangiiferum (Table 2.4) was identified in 
our BLASTp homology searches as a candidate for an inter-domain HGT event into 
oomycete species. The maximum-likelihood phylogeny of this protein family was 
generated from a family containing 550 homologs, with a LG+I+G+F substitution model 
(Figure 2.1). 16 bacterial phyla are present in this reconstruction, of which Proteobacteria 
and Actinobacteria are by far the most represented. Twenty-six archaeal homologs are 
also present, of which all bar a Candidatus Caldiarchaeum subterraneum sequence form 
a monophyletic clade. Across the eukaryotes, homologs are present in fungi, animals, 
green algae and the stramenopiles. 
Our phylogenetic reconstruction shows a monophyletic Pythium/Phytopythium 
clade within a large, predominantly Proteobacterial clade with 99% bootstrap support, 
adjacent to a homolog from the filamentous Chloroflexi species Caldilinea aerophila 
(Figure 2.1, Clade A). Further back along the tree, this greater subclade branches deep 
within a large prokaryotic clade with 100% bootstrap support, containing three major 
subclades; the aforementioned majority-Proteobacterial subclade containing Pythium and 
Phytopythium orthologs, a halophilic archaeal subclade, and a large Actinobacterial 
subclade containing 110 homologs (Figure 2.1, Clade B). Elsewhere, all non-oomycete 
eukaryote homologs (with the exception of an adjacent sequence from the microscopic 
green alga Ostreococcus lucimarinus) place in a monophyletic eukaryote clade 
containing 52 fungal homologs, 4 animal homologs and a homolog from the stramenopile 
alga Aureococcus anophagefferns adjacent to a clade containing 19 homologs from the 
a-Proteobacterial Rickettsia genus (Figure 2.1, Clade C). The neighbour-joining tree 
constructed from the BLAST homology search of the seed sequence against the NCBI’s 
database places the seed deep within a large prokaryotic clade containing Proteobacteria, 
Actinobacteria and halophilic and methanogenic archaea, in a γ-Proteobacterial subclade 
similar to what we observe in our phylogenetic reconstruction (not shown). 
Sequence analysis of the seed gene and its flanking genes in the P. ultimum var. 
sporangiiferum genome did not return any obvious evidence of bacterial contamination; 
the seed protein sequence’s top hit against the NCBI database was a C. aerophila 
sequence, but the top hits of both flanking protein sequences were Phytophthora 
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parasitica homologs (Table S2.2). BLAST homology searches against the NCBI 
database found the seed sequence shared sequence similarity with many bacterial class II 
fumarases, and PFAM analysis of the sequence identified two lyase domains and the 
characteristic FumC C-terminal of a class II fumarase-like sequence (Table S2.6). 
InterProScan analysis identified further fumarase protein sequence signatures (Table 
S2.6). Fumarase, also known as fumarate hydratase (E.C. 4.2.1.2), is an enzyme that 
catalyses the reversible hydration of fumarate to (S)-malate in the mitochondrion in 
eukaryotes, as a component of the tricarboxylic acid cycle (Yogev et al., 2010), and 
promotion of histone H3 methylation and DNA repair in the cytosol (Jiang et al., 2015). 
There are two classes of fumarase; the heat-labile dimeric class I fumarases FumA and 
FumB found in prokaryotes and the heat-stable tetrameric class II fumarase FumC found 
in both prokaryotes and eukaryotes (Estévez et al., 2002). While associated with 
mitochondrial function in eukaryotes, class II fumarases with distinct evolutionary 
histories have been detected in amitochondriate trichomonads (Gerbod et al., 2001).  
The nature of class II fumarase’s conserved function in eukaryotic respiration 
would suggest that this gene had arisen in the nuclear genome of Pythium and 
Phytopythium gene by endosymbiotic gene transfer from the mitochondrial genome 
(Timmis et al., 2004), and hence was not a product of recent transfer. To investigate the 
relationship between this putative horizontally-transferred fumarase and other potential 
fumarase orthologs in the oomycetes, we aligned the seed Pythium ultimum var. 
sporangiiferum sequence against 20 known oomycete and 230 other eukaryote and 
prokaryote class II fumarase sequences. Sequence and phylogenetic analysis show it 
branches as an outgroup in the corresponding phylogeny (not shown), suggesting that it 
is not an ortholog of the endosymbiotic oomycete class II fumarase. It seems most 
parsimonious to suggest therefore that this fumarase protein in Pythium and Phytopythium 
vexans is a class II fumarase distinct from endosymbiotic class II fumarase, and has arisen 
by a completely separate transfer event, possibly with C. aerophila or another Chloroflexi 
species (Sphaerobacter thermophilus for example) (Figure 2.1). An interesting aspect of 
this phylogeny is the presence of a homolog from Phytopythium vexans branching with 
Pythium species and the absence of Phytophthora homologs in the phylogeny. 
Phytopythium vexans, along with other members of what was once Pythium clade K, were 
reclassified to the morphological intermediate genus Phytopythium, based on molecular 
evidence from ribosomal large subunit (LSU), internal transcribed spacer (ITS) and 
mitochondrial cytochrome oxidase 1 (CO1) data. Furthermore the resultant phylogenetic 
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data grouped Phytopythium and Phytophthora as sister taxa with strong bootstrap support 
(de Cock et al., 2015). This would suggest that the ancestor of the Phytophthora, 
Phytopythium and Pythium species obtained a bacterial copy of the class II fumarase and 
it was subsequently lost in the Phytophthora clade. Alternatively if we assume that rare 
HGT events can act as phylogenetic markers (Keeling and Palmer, 2008), it is plausible 
that in fact Phytopythium and Pythium are more closely related to one another to the 
exclusion of Phytophthora species. This observation challenges the phylogeny derived 
from traditional phylogenetic markers (de Cock et al., 2015) and we suggest the 
relationships between these groups warrants further examination.
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  Figure 2.2. Maximum likelihood phylogeny illustrating putative transfer of NmrA-like quinone oxidoreductase from Proteobacteria into Pythium 
spp. Clades A & B referred to in the main text are highlighted. Selected bootstrap support values are shown at nodes. See Figure S2.2 in 
Supplementary Material for full phylogenetic tree. T. atroviride: Trichoderma atroviride. 
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2.3.3 A putative proteobacterial NmrA-like oxidoreductase is present in 
multiple Pythium species 
 A Pythium aphanidermatum gene (Table 2.4) was identified in our homology 
searches as a candidate for bacterial HGT into an oomycete species. The maximum-
likelihood phylogeny of this gene was constructed from a gene family containing 258 
homologs, with a LG+I+G+F substitution model (Figure 2.2). 95% (245 of 258) of these 
homologs are bacterial, representing 10 different phyla. The majority of bacterial 
homologs are from either Proteobacteria, Actinobacteria or Firmicutes species. Of the 13 
eukaryote homologs present, 12 are from the oomycetes and one is from the fungal 
species Trichoderma viride (Figure 2.2).  
In our reconstruction, homologs (12 in total) from each Pythium species except P. 
ultimum var. sporangiiferum form a monophyletic subclade (99% bootstrap support) 
within a 70-member clade with 92% bootstrap support. Every other member of this clade 
except Trichoderma viride is bacterial. Around 30 members of this clade are 
proteobacterial, many of which are soil dwelling Rhizobales (Figure 2.2, Clade B). The 
Pythium subclade branches with 83% bootstrap support beside a small Proteobacterial 
subclade that includes two nitrogen-fixing species in Bradyrhizobium and Xanthomonas 
albilineans, the causative agent of leaf scald disease in sugarcane (Pieretti et al., 2015) 
(Figure 2.2, Clade A). Homology analysis of the seed sequence and its flanking 
sequences in the P. aphanidermatum genome found no obvious evidence of bacterial 
contamination; the seed sequence was most closely related to a Rubrivivax gelatinosus 
sequence, however flanking genes have top hits from Phytophthora infestans (Table 
S2.2). The neighbour-joining phylogeny generated from BLAST homology searches of 
the seed sequence against the NCBI’s protein database also placed the seed sequence 
adjacent to a large Proteobacterial clade.  
BLAST homology searches against the NCBI database found the seed sequence 
shared homology with a bacterial nucleotide-sugar epimerases and NAD(P)-binding 
proteins. PFAM analysis of the sequence found the characteristic Rossmann fold of 
NAD(P)-binding proteins (Table S2.2), while InterProScan analysis found NmrA-like 
family and quinone oxidoreductase 2 subfamily PANTHER signatures (Table S2.2). 
NmrA is a NAD(P)-binding negative transcriptional regulator, involved in the regulation 
of nitrogen metabolite repression (NMR) genes in fungi, which suppress metabolic 
pathways for secondary nitrogen sources when preferred sources like ammonium and 
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glutamine are available (Stammers et al., 2001). Such a metabolic system has not been 
described in oomycetes to date. The PANTHER quinone oxidoreductae subfamily 
(Thomas et al., 2003) to which this transferred gene belongs (PTHR14194:SF73) includes 
eukaryotic orthologs from Pezizomycotina, Monosiga brevicollis and Dictyostelium, 
Phytophthora infestans and Physcomitrella patens and bacterial orthologs from multiple 
lineages. Among these orthologs is qorB in Escherichia coli K-12, which has redox 
activity on NAD(P)H using quinone as an acceptor (Kim et al., 2008). 
Our phyogenetic reconstruction of this P. aphanidermatum gene supports the 
transfer of this gene into Pythium spp. from a soil-dwelling Proteobacterium (Figure 2.2), 
either the phototrophic β-proteobacterial species Rhodoferax ferrireducens and 
Rubrivivax gelatinosus, or the phytopathogenic γ-proteobacterium Xanthomonas 
albilineans. Species related to X. albilineans and R. ferrireducens, within 
Xanthomonadales and Comamonadaceae respectively, have been identified in previous 
studies as endohyphal bacteria, hyphae-dwelling endosymbionts of endophytic fungi 
(Hoffman and Arnold, 2010; Hoffman et al., 2013). It is not currently known whether 
such bacteria can also inhabit the hyphae of oomycetes, and consequently provide 
favourable conditions for potential inter-domain HGT. This transferred gene may be a 
NAD(P)H-binding quinone oxidoreductase (EC 1.6.5.2), and potentially have cytosolic 
redox activity in Pythium spp.  
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Figure 2.3. Maximum likelihood phylogeny illustrating putative transfer of SnoaL-like polyketide cyclase from Actinobacteria into Pythium spp. 
Clades A, B & C referred to in the main text are highlighted. Selected bootstrap support values are shown at nodes. See Figure S2.3 in 
Supplementary Material for full phylogenetic tree. T. atroviride: Trichoderma atroviride. 
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2.3.4 SnoaL-like proteins from soil-dwelling bacteria are putative 
members of the secretome of multiple Pythium species 
 A second gene from P. aphanidermatum (Table 2.4) was identified in our 
BLASTp homology searches as a candidate for bacterial HGT into an oomycete species. 
The maximum-likelihood phylogeny of this gene was generated from a gene family 
containing 103 homologs constructed with a WAG+I+G substitution model (Figure 2.3). 
Seven bacterial phyla are present in this reconstruction, along with Pythium and the 
microsporidian parasite Enterocytozoon bieneusi, 53% of the homologs (55 of 103) come 
from Proteobacterial species. 
The maximum-likelihood phylogenetic reconstruction places 17 Pythium 
homologs (with multiple paralogs in each species except P. aphanidermatum and no 
homolog in P. arrhenomanes) deep within a 93-member clade containing many typical 
soil-dwelling Proteobacterial and Actinobacterial species (Figure 2.3, Clade B) with 
100% bootstrap support. The Pythium subclade (Figure 2.3, Clade A) is adjacent to a 
clade containing four orthologs from Mycobacterium smegmatis. The only other 
eukaryote homolog in our analysis (E. bieneusi) places in a separate subclade containing 
Rhizobales species with 95% bootstrap support indicative of a separate independent HGT 
event (Figure 2.3, Clade C). Homology analysis of the seed sequence and its adjacent 
sequences returned no evidence of bacterial contamination. Both flanking genes sequence 
are homologous to sequences in other oomycetes, and the seed sequence’s highest degree 
of homology was with a Streptomyces yerevanensis sequence (Table S2.2). 
BLAST homology searches of the seed sequence found numerous instances of 
homology with bacterial SnoaL-like polyketide cyclases. PFAM and InterProScan 
analysis of the sequence identified two SnoaL-like domains, and a number of signal 
peptide signatures within the N-terminal domain (Table S2.6). Polyketide cyclases are 
enzymatic components of the synthesis of aromatic polyketide compounds from 
carboxylic acids in bacteria and fungi. Polyketides are best characterized by the 
medicinally useful secondary metabolites produced by various Actinobacteria genera, 
such as the antitumourigenic anthracyclines from Streptomyces species (Strohl, 2001). 
Biochemically, polyketide cyclases catalyse the intramolecular cyclization of poly-β-
ketone chain intermediates to form the core planar polyaromatic structures of polyketides, 
which are then subject to later functionalization. In the biosynthesis of the anthracycline 
nogalamycin in Streptomyces nogalater, the polyketide cyclase SnoaL (EC 5.5.1.26) 
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catalyses ring closure of a polyaromatic nogalamycin precursor through aldol 
condensation (Sultana et al., 2004). 
The maximum-likelihood phylogenetic reconstruction of this transfer event 
appears to support the transfer of this putative SnoaL-like protein into an ancestral 
Pythium from a Proteobacterial or Actinobacterial donor (Figure 2.3). Similarly, the 
neighbour-joining tree generated from the homology search against NCBI’s non-
redundant database places the P. aphanidermatum seed sequence within a large 
Proteobacterial and Actinobacterial clade (not shown). The SignalP (Petersen et al., 2011) 
and TargetP (Emanuelsson et al., 2000) analyses both predict that the protein contains a 
25-reside long signal peptide sequence at its N-terminus with a discrimination score (used 
to distinguish between signal and non-signal peptides) well above the default cutoff, and 
thus identify the protein as part of the secretome of P. aphanidermatum. Therefore, this 
putative SnoaL-like protein may have arisen in Pythium species through horizontal 
transfer from an Actinobacteria species and may be a putative component of the 
secretome of Pythium species. It is worth noting that no polyketide synthase genes have 
been detected in model Phytophthora genomes, and in general oomycetes rely more on 
toxic effector proteins than toxic small-molecule secondary metabolites for necrotrophic 
growth (Tyler et al., 2006; Soanes, Richards and Talbot, 2007). The presence of this 
putative SnoaL-like protein in multiple copies in most of the Pythium species we 
investigated, suggests an additional method of phytopathogenic infection which may be 
novel to Pythium, or which may have been subsequently lost in Phytophthora.
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Figure 2.4. Maximum likelihood phylogeny illustrating putative transfer of epoxide hydrolase from Methylobacterium radiotolerans into 
Phytophthora capsici. Clades A & B referred to in the main text are highlighted. Selected bootstrap support values are shown at nodes. See Figure 
S2.4a in Supplementary Material for full phylogenetic tree. 
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2.3.5 A putative hydrolase from xenobiotic-degrading rhizosphere 
Proteobacteria is present in Phytophthora capsici 
 A gene from Phytophthora capsici (Table 2.4) was identified in our BLASTp 
homology searches as a candidate for bacterial HGT. A maximum likelihood phylogeny 
was generated from 253 homologs using a WAG+G substitution model. 8 bacterial phyla 
are represented in our reconstruction, with the majority of homologs coming from either 
Proteobacterial or Actinobacterial species. 57 fungal homologs and 3 paralogs from 
Physcomitrella patens (earthmoss) form a monophyletic eukaryotic clade (Figure 2.4, 
Clade B). Our maximum-likelihood phylogenetic tree placed two homologs from P. 
capsici adjacent to a homolog from the a-Proteobacterium Methylobacterium 
radiotolerans within a bacterial clade containing Acidobacteria and a number of soil-
borne or plant epiphytic Proteobacteria (Figure 2.4, Clade A). BLASTp analysis aligned 
the seed sequence with an ortholog from the nitrogen-fixing Proteobacterium Azotobacter 
vinelandii. As there is only one Phytophthora species represented in this phylogeny, we 
carefully examined the sequence of the contig to rule out a bacterial contamination 
artefact in the P. capsici genome. All flanking genes were Phytophthora in origin thereby 
giving us confidence that this is a bona fide HGT event (Table S2.2). Furthermore, the 
phylogeny generated after homology searches against the NCBI database place the seed 
sequence within a large Proteobacterial clade (not shown). 
 As the bootstrap support for many of the more derived branches and clades in our 
phylogeny including the bacterial clade containing P. capsici homologs were weak 
(<50%), we generated a median phylogenetic network of all splits in the set of individual 
bootstrap trees generated by PhyML in our reconstruction using a consensus network 
method in SplitsTree (Huson and Bryant, 2006). This consensus network (Figure S2.5) 
places the two P. capsici homologs at the base of the large monophyletic bacterial clade, 
clearly separate from the fungal and plant homologs. With this analysis, we were satisfied 
that the phylogeny represented a bona fide bacteria-oomycete HGT event.  
BLAST homology searches of the seed sequence against the NCBI database 
indicated that the sequence was homologous to bacterial hydrolases. PFAM analysis 
found a large α/β hydrolase fold domain present in the sequence, and InterProScan 
analysis returned a number of α/β hydrolase family PANTHER signatures, as well as 
epoxide hydrolase PRINTS (Attwood et al., 2012) signatures across the sequence (Table 
S2.6). Epoxide hydrolases (E.C. 3.3.2.3) catalyse the dihydroxylation of epoxide residues 
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to diols, and are one of a number of protein families that contain an α/β hydrolase fold 
(Ollis et al., 1992). Bacterial epoxide hydrolases are capable of degradation of xenobiotic 
organic compounds (van der Werf, Overkamp and de Bont, 1998; van Loo et al., 2006). 
The structurally related haloalkane dehalogenases (E.C. 3.8.1.5), which can hydrolyse 
toxic haloalkanes into their corresponding alcohol and organic halide components in the 
cytosol, are widespread in soil bacteria (Janssen, 2004). It is interesting to note that strains 
of M. radiotolerans isolated from Cucurbita pepo roots, which is also a target for P. 
capsici, are capable of degrading xenobiotic 1,1-bis-(4-chlorophenyl)-2,2-dichloroethene 
or DDE (Eevers et al., 2015). DDE is a highly toxic and highly recalcitrant major 
metabolite of the degradation of the toxic organochloride pesticide 1,1,1-trichloro-2,2-
bis(p-chlorophenyl)ethane, or DDT, which saw widespread use for most of the 20th 
century (Thomas, Ou and Al-Agely, 2008). 
Our maximum-likelihood phylogenetic reconstruction suggests that this putative 
hydrolase gene, which has two copies in P. capsici, has arisen through horizontal transfer 
from soil-dwelling bacteria, potentially from M. radiotolerans (Figure 2.4). Homology 
and functional analysis of the seed HGT gene indicates that these two paralogs contain 
hydrolase folds. The two paralogs in P. capsici are somewhat dissimilar at the nucleotide 
level; one appears to contain both peptidase and α/β hydrolase domains and is far more 
exonic than the seed HGT gene (Table S2.3). This putative transferred gene may have a 
potential cytosolic role in the degradation of toxic xenobiotic compounds in P. capsici. 
To date, descriptions of xenobiotic degradation or resistance in oomycetes are sparse in 
the literature; what is known is that few oomycete cytochrome P450 proteins (CYPs) 
appear to be involved in xenobiotic degradation compared with fungal CYPs (Moktali et 
al., 2012; Sello et al., 2015), and that Phytophthora infestans has far a lower proportion 
of major facilitator superfamily (MFS) transport proteins involved in efflux than many 
fungal type species do (Barabote et al., 2011). As such, this acquisition may be a novel 
event in the context of plant parasitic oomycete genome evolution.
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 Figure 2.5. Maximum likelihood phylogeny illustrating putative transfer of alcohol dehydrogenase from Sphinomondales into Phytophthora spp. 
Clades A, B & C referred to in the main text are highlighted. Selected bootstrap support values are shown at nodes. See Figure S2.4b in 
Supplementary Material for full phylogenetic tree. 
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2.3.6 Sphingomonadale alcohol dehydrogenase is present in five 
Phytophthora species 
 A second P. capsici gene (Table 2.4) was identified in our BLASTp homology 
searches as a candidate for inter-domain HGT. Our phylogenetic reconstruction used 358 
homologs with a LG+I+G substitution model (Figure 2.5). 9 bacterial phyla are 
represented in this reconstruction, the majority of which are homologs from Firmicutes 
species, 23% (84 of 358) of the homologs are of eukaryotic origin. Animal, plant and 38 
fungal homologs form a eukaryote monophyletic clade (Figure 2.5, Clade B). 27 of the 
remaining 28 fungal homologs from a separate subclade (Figure 2.5, Clade C) almost 
entirely comprised of homologs from ascomycotes except for two paralogs from the 
Basidiomycota species Phlebiopsis gigantea, while Batrachochytrium dendrobatidis 
places within an adjacent Firmicutes subclade. 
Our maximum-likelihood phylogeny inferred a monophyletic Phytophthora 
subclade with seven homologs from five species (excluding P. lateralis and P. parasitica) 
within a a-Proteobacterial Sphingomonadale subclade with 100% bootstrap support 
(Figure 2.5, Clade A). Homology data for the seed sequence and its adjacent sequences 
within the P. capsici genome from JGI showed no obvious evidence of bacterial 
contamination at the genomic level as neither of the flanking genes were bacterial in 
origin (Table S2.2).  
BLAST homology searches of the seed sequence returned hits from many 
bacterial alcohol dehydrogenase proteins. PFAM and InterProScan analysis of the seed 
sequence found that it contained the hallmark signatures of a medium-chain Zn2+-
containing alcohol dehydrogenase; an N-terminus containing the conserved Zn2+ active 
site, the conserved GroES-like fold and the NAD(P)-binding Rossmann fold (Table 
S2.7). Alcohol dehydrogenases (EC 1.1.1.1) catalyse the NAD(P)-dependent reversible 
oxidation of alcohols to aldehydes or ketones. In most prokaryotes, fungi and plants, 
alcohol dehydrogenase is responsible for the reversed regeneration of NAD+ in 
fermentation for glycolysis from the reduction of NADH and acetaldehyde to NAD+ and 
ethanol. The high concentration of Firmicutes and fungal homologs in our reconstruction 
underlies the enzyme’s important role in anaerobic Clostridia and fungi. Previous EST 
analysis of P. sojae infection of soybean found abundant matches for alcohol 
dehydrogenase amongst other intermediary metabolic genes differently expressed in host 
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tissue, suggesting alcohol fermentation is an important part of the catabolism of P. sojae 
in the early stages of growth inside host tissue (Qutob et al., 2000). 
The maximum-likelihood phylogenetic reconstruction for these putative 
Phytophthora alcohol dehydrogenase proteins supports a putative transfer from the a-
Proteobacterial Sphingomonadales (Figure 2.5). Similarly, the phylogeny generated 
querying the seed sequence against the NCBI’s non-redundant protein database placed 
the seed sequence within a small Phytophthora subclade that was found within a larger 
Sphingobium and Novosphingobium clade (not shown). We therefore propose that this 
alcohol dehydrogenase, found in a number of Phytophthora species has arisen in these 
species via recent transfer of the gene from Sphingomonadales. 
 
2.3.7 Impact and extent of bacterial genes in oomycete evolution 
 Using stringent criteria, our analysis has found five putative gene families in 
oomycete species that have been acquired through horizontal transfer from bacteria. All 
five transfer events involve genes coding for proteins with putative enzymatic functions 
in their respective species; some of our findings complement those of other analyses of 
HGT in oomycete genomes, particularly the fumarase and alcohol dehydrogenase 
families. Many of the inter- and intra-domain HGT gene families identified in oomycete 
genomes to date are proteins with putative carbohydrate metabolism function; in the most 
extensive study of HGT into oomycete genomes to date, Richards et al. (2011) found 13 
secreted proteins out of the 34 putative fungal HGT events in oomycetes that could be 
assigned with such function. Of the seven bacterial HGT events identified in oomycete 
species prior to our analysis, most were found in analyses of Saprolegniales species, and 
where function could be assigned were thought to be involved in carbohydrate 
metabolism also. 
The bacterial-derived enzymes identified in oomycete species could have 
potentially found themselves more amenable to transfer and subsequent retention in 
oomycete genomes due to their relative low connectivity within a protein-protein 
interaction network, a significant factor in the influence of the “complexity hypothesis” 
on HGT (Jain, Rivera and Lake, 1999; Cohen, Gophna and Pupko, 2011). The relatively 
low number of bacterial-oomycete HGT events identified in this study and elsewhere in 
the literature, in comparison with other such studies of inter-domain HGT in fungi for 
example, may be partially explained by the paucity of oomycete genomic data overall and 
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lack of data for more basal lineages in particular (Beakes, Glockling and Sekimoto, 2012). 
Furthermore, our analysis was designed specifically to identify recent HGT events into 
individual plant parasitic oomycete lineages, as opposed to ancient transfers into the class 
as whole or even the greater stramenopiles group. Future analyses, facilitated by a greater 
amount of oomycete genomic data, may identify more instances of bacteria-oomycete 
HGT, either into specific lineages or ancient transfers into the class. 
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2.4 Conclusions 
Using methods similar to those that have previously identified intra-domain HGT 
between fungi and Phytophthora (Richards et al., 2011), we have identified five inter-
domain HGT events between bacteria and plant pathogenic oomycetes. Of the five 
putative bacteria-oomycete HGT genes we have identified, one has signal peptide 
signatures and subcellular localization matches that indicate it is part of the oomycete 
secretome. The putative SnoaL-like protein may be a secreted transport protein or 
involved in production of other components of the Pythium secretome. A class II 
fumarase distinct from the endosymbiosis-derived fumarase is present in Pythium and 
Phytopythium, and a proteobacterial alcohol dehydrogenase gene is present in multiple 
Phytophthora species. The remaining two transferred genes may have more regulatory 
cytosolic roles in their respective oomycetes species, such as regulation of redox activity 
and neutralization of toxic xenobiotics. Our analysis shows that the transfer of genetic 
material from bacteria into oomycete lineages is rare, but has occurred, and is another 
example of cases of HGT between prokaryotes and eukaryotes. 
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Chapter outline 
The oomycetes are a class of microscopic, filamentous eukaryotes within the 
Stramenopiles-Alveolate-Rhizaria (SAR) supergroup which includes ecologically 
significant animal and plant pathogens, most infamously the causative agent of potato 
blight Phytophthora infestans. Single-gene and concatenated phylogenetic studies of both 
individual oomycete genera and the larger class have drawn conflicting conclusions for 
species phylogenies within the oomycetes, particularly for the large Phytophthora genus. 
Genome-scale phylogenetic studies have successfully resolved many eukaryotic 
relationships by using supertree methods, which combine large numbers of potentially 
disparate trees to determine evolutionary relationships that cannot be inferred from 
individual phylogenies alone. With a sufficient amount of genomic data now available, 
we have undertaken the first whole-genome phylogenetic analysis of the oomycetes using 
data from 37 oomycete species and six SAR species. In our analysis, we used established 
supertree methods to generate phylogenies from 8,355 homologous oomycete and SAR 
gene families, and have complemented those analyses with both phylogenomic network 
and concatenated supermatrix analyses. Our results show that a genome-scale approach 
to oomycete phylogeny resolves oomycete classes and individual Clades within the 
problematic Phytophthora genus. The resolution of the inferred relationships between 
individual Phytophthora Clades varies in support depending on the methodology used. 
Our analysis represents an important first step in large-scale phylogenomic analysis of 
the oomycetes. 
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3.1 Introduction 
3.1.1 Evolutionary history of the oomycetes 
The oomycetes are a class of microscopic eukaryotes which include some of the 
most ecologically destructive marine and terrestrial eukaryotic species (Beakes, 
Glockling and Sekimoto, 2012). Oomycete species display very similar filamentous 
morphology and ecological roles to fungi, and were historically regarded as a basal fungal 
lineage (Lévesque, 2011). As morphological and molecular studies have improved since 
the latter half of the 20th century to present, the oomycetes have come to be understood 
as very distant relations of “true” fungi which have evolved similar morphology and 
lifestyles through convergent evolution and horizontal gene transfer (HGT) (Richards et 
al., 2006, 2011; Lévesque, 2011; Savory, Leonard and Richards, 2015). Present 
phylogenomic studies place the oomycetes in the diverse stramenopiles lineage within 
the Stramenopiles-Alveolata-Rhizaria (SAR) eukaryotic supergroup (Cavalier-Smith and 
Chao, 2006; Riisberg et al., 2009; Tsui et al., 2009; Judelson, 2012; Burki, 2014) (Figure 
3.1). The stramenopiles were previously placed within Chromista (Cavalier-Smith, 1981) 
and then the “chromalveolates” supergroup (Chromista + Alveolata) (Cavalier-Smith, 
1999; Keeling, 2009). While early phylogenetic analyses supported this 
“chromalveolates” hypothesis (Yoon et al., 2002; Bachvaroff, Sanchez Puerta and 
Delwiche, 2005), later phylogenetic and HGT analyses have consistently failed to support 
a monophyletic chromalevolate grouping (Keeling, 2001; Harper, Waanders and Keeling, 
2005; Rice and Palmer, 2006; Hackett et al., 2007; Janouskovec et al., 2010; Gaston and 
Roger, 2013). In contrast, molecular evidence for the monophyly of the current SAR 
supergroup has been demonstrated in multiple phylogenetic analyses (Baldauf et al., 
2000; Burki et al., 2007; Hackett et al., 2007; Moreira et al., 2007; Shalchian-Tabrizi et 
al., 2007; Hampl et al., 2009; Gaston and Roger, 2013). 
The oomycetes are thought to have diverged from diatoms between the late 
Proterozoic and the mid-Paleozoic eras (~0.4-0.6 bya) (Dick, 2001; Matari and Blair, 
2014), and are present as early as the Devonian period (~400 mya) in the fossil record 
(Taylor, Krings and Kerp, 2006). Though many described species are phytopathogens, 
oomycete phytopathogenicity is thought to be a derived trait which has evolved 
independently in many lineages (Thines and Kamoun, 2010). Many species are still yet 
un-sampled and the class phylogeny of the oomycetes is still subject to revision; but with 
current data the oomycetes can be split into the earliest diverging clades and the later 
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“crown” taxa (Hakariya, Hirose and Tokumasu, 2007; Sekimoto et al., 2008; Beakes et 
al., 2014) (Figure 3.1). With the exception of some species infecting terrestrial 
nematodes (Hakariya, Hirose and Tokumasu, 2007), the earliest diverging oomycete 
clades are otherwise exclusively marine in habitat (Beakes, Glockling and Sekimoto, 
2012). The remaining “crown” oomycetes can be subdivided into the predominantly 
marine and freshwater “saprolegnian” branches and the predominantly terrestrial 
“peronosporalean” branches, which diverged in the early Mesozoic era (Riethmüller et 
al., 2002; Beakes, Glockling and Sekimoto, 2012; Jiang and Tyler, 2012; Matari and 
Blair, 2014; Thines, 2014). The “saprolegnian” branches include the fish pathogens 
Saprolegnia, also known as “cotton moulds” (Hulvey, Padgett and Bailey, 2007), and the 
animal and plant pathogenic Aphanomyces genus (Kamoun, 2003; Jiang and Tyler, 2012). 
The “peronosporalean” branches include the best characterized oomycete taxa, 
Phytophthora and Pythium, and the more basal Albuginales order (Beakes, Glockling and 
Sekimoto, 2012; Thines, 2014). The majority of “peronosporalean” oomycetes are 
phytopathogens, although Pythium includes species capable of infecting animals or acting 
as mycoparasitic biocontrol agents (Gaastra et al., 2010; Benhamou et al., 2012) (Figure 
3.1). 
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Figure 3.1. Consensus phylogeny of the oomycetes class within the SAR superkingdom, with information for various groups. Cladogram adapated 
from Judelson (2012). 
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Figure 3.2. Congruence of the Peronosporales order among recent phylogenetic 
analyses. (a) Seven-locus maximum likelihood 7 loci ML/MP/Bayesian phylogeny of 
Phytophthora by Blair et al. (2008), (b) ME/ML/Bayesian phylogeny of Phytophthora 
and downy mildews by Runge et al. (2012), (c) 11-locus ML/MP/Bayesian phylogeny 
of Phytophthora by Martin et al., (d) Six-locus coalescent phylogeny of Phytophthora 
by Martin et al. Support values, where given, represent maximum-likelihood bootstrap 
supports except for Figure 3.2d), where Bayseian posterior probabilities are given 
instead. 
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3.1.2 Taxonomy of Phytophthora, Pythium and other oomycete taxa 
Phytophthora is the largest genus (>120 described species) within the order 
Peronosporales and is divided into 10 phylogenetic clades on the basis of initial ITS 
analysis and later combined nuclear and mitochondrial analysis (Cooke et al., 2000; Blair 
et al., 2008) (Figure 3.2a). The largest clades (clades 1, 2, 7 and 8) are further divided 
into subclades, while the smallest clades (clades 5, 10) contain fewer than 5 described 
species at present (Kroon et al., 2004; Weir et al., 2015). Initial ITS phylogeny by Cooke 
et al. (Cooke et al., 2000) suggested that Phytophthora was paraphyletic with respect to 
the basal clades 9 and 10, however later multi-gene and combined nuclear and 
mitochondrial studies have placed these clades within Phytophthora (Martin and Tooley, 
2003; Kroon et al., 2004; Blair et al., 2008). Generally, species within Phytophthora 
clades do not share consistent morphological features or reproductive strategies, although 
clades 6 to 8 form a distinct branch of terrestrial species with predominantly non-papillate 
sporangia within the genus tree (Kroon et al., 2004). While many recent phylogenetic 
analyses have supported the current designation by Blair et al. (Blair et al., 2008) of 10 
distinct phylogenetic clades within Phytophthora, many of the same analyses draw 
conflicting conclusions as to the relationships between these clades. In their analysis, 
Blair et al. (Blair et al., 2008) found strong support under maximum-likelihood, 
maximum-parsimony and Bayesian methods for the 10 phylogenetic clades using data 
from seven highly-conserved nuclear loci (including markers from 28S rDNA, Hsp90 and 
β-tubulin) from 82 Phytophthora species (Figure 3.2a). The relationship between the 
clades in Blair et al. (Blair et al., 2008) was mostly upheld in a follow-up analysis by 
Runge et al. (Runge et al., 2011) which included homologous data from an additional 39 
Phytophthora species and other Peronosporales. One noticeable difference was that their 
analysis placed clades 3, 6 and 7 as sister clades within a monophyletic clade with strong 
support under minimum evolution, maximum-likelihood and Bayesian methods, while 
the clades were more distantly related in Blair et al. (Blair et al., 2008) (Figures 3.2a & 
3.2b). The addition of four mitochondrial markers (cox2, nad9, rps10, secY) in a later 11-
loci analysis by Martin et al. (Martin, Blair and Coffey, 2014), while topologically 
supporting Blair et al. (Blair et al., 2008) displayed poor resolution for many inter-clade 
relationships (particularly for more derived clades such as Clades 1-5) within 
Phytophthora under maximum-likelihood, maximum parsimony and Bayesian methods 
(Figure 3.2c). A coalescent approach on a similar dataset by the same authors showed 
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improved Bayesian support between some Phytophthora clades (e.g. Clades 1-5), but 
weaker supports for other clades and a conflicting topology from the 11-loci analysis 
(Martin, Blair and Coffey, 2014) (Figure 3.2d). 
Placement of other taxa within the Peronosporales order, namely the “downy 
mildews”, and the phylogeny of Pythium and the Pythiales order has also been difficult 
to resolve. The inclusion of two downy mildews species (Hyaloperonospora 
arabidopsidis and Pseudoperonospora cubensis) in an analysis conducted by Runge et 
al. placed the two species within Phytophthora Clade 4 and sister to Clade 1 species such 
as Phytophthora infestans, implying a paraphyletic Phytophthora genus (Runge et al., 
2011) (Figure 3.2b). However, a subsequent tree reconciliation analysis, inferred on a 
class phylogeny of 189 oomycete clusters of orthologous groups (COGs) placed H. 
arabidopsidis as sister to the Phytophthora genus (Seidl et al., 2012). Another downy 
mildew species, Plasmopara halstedii, is placed sister to Phytophthora Clade 1 when 
included in similar phylogenetic analyses (Riethmüller et al., 2002; Robideau, Rodrigue 
and André Lévesque, 2014). Phytopythium, a morphological intermediate between 
Phytophthora and Pythium, was reclassified from Pythium clade K to its own genus 
within the Peronosporales order based on recent multi-gene phylogenetic analysis which 
placed the genus sister to Phytophthora (de Cock et al., 2015). Pythium itself is divided 
into 10 clades, labelled A to J, which were initially circumscribed with ITS data and 
consistent with mitochondrial data (Lévesque and de Cock, 2004). The main 
morphological difference between clades within Pythium is the development of the 
filamentous sporangium in species within clades A-C from the ancestral globose 
sporangium observed in the basal clades and Phytopythium (Lévesque and de Cock, 2004; 
Villa et al., 2006), with an intermediate contiguous sporangium developing in species 
within clade D (Lévesque and de Cock, 2004), and an elongated sporangium in species 
within clade H (Uzuhashi, Tojo and Kakishima, 2010). Otherwise, as in Phytophthora, 
phylogenetic clades generally do not correlate with distinct morphological characters in 
Pythium (Lévesque and de Cock, 2004). A number of phylogenetic analyses suggest that 
Pythium is polyphyletic (Riethmüller et al., 2002; Rahman et al., 2003; Villa et al., 2006; 
Uzuhashi, Tojo and Kakishima, 2010; Hyde et al., 2014; Robideau, Rodrigue and André 
Lévesque, 2014), and there has been recent suggestion that it be amended entirely into at 
least five new genera (Uzuhashi, Tojo and Kakishima, 2010; Huang et al., 2013). 
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3.1.3 Phylogenetic and phylogenomic reconstructions of the oomycetes 
Many of the aforementioned phylogenetic analyses of the oomycetes are based 
upon a small number of highly-conserved nuclear and/or mitochondrial markers, either 
through consensus analysis or concatenated analysis. The selection of such markers, 
while usually robust, may unintentionally ignore other types of potential phylogenetic 
markers that may resolve conflicting analyses, such as lineages which include gene 
duplication events (Hackett et al., 2007). One solution to the possible limitations of single 
gene or small-scale gene phylogenies is to assemble a consensus phylogeny for a given 
set of taxa using many source single gene phylogenies through supertree analysis, which 
enables the inclusion of phylogenies with missing or duplicated taxa (Bininda-Emonds, 
2004). Matrix Representation using Parsimony (MRP), in which character matrices are 
generated for each source phylogeny and merged into a single binary character matrix for 
maximum-parsimony alignment (Baum, 1992; Ragan, 1992), is one of the most 
commonly-used supertree methods and has seen successful application in a number of 
eukaryotic phylogenomic studies (Beck et al., 2006; Fitzpatrick et al., 2006; Pisani, 
Cotton and McInerney, 2007). Other methods have been developed for inferring species 
phylogeny from paralogous gene phylogenies, the most successful of which has been 
Gene Tree Parsimony (GTP) (Cotton and Page, 2003). GTP attempts to find the most 
parsimonious species tree from a set of source phylogenies with the fewest number of 
events required to explain incongruences (i.e. gene duplication events) between the 
source phylogenies, and has seen application in large-scale phylogenetic analysis 
(Casewell et al., 2011). Another method of large-scale phylogenetic analysis is the 
supermatrix approach of concatenating multiple character datasets for simultaneous 
analysis (de Queiroz and Gatesy, 2007). 
Since the publication of the genome sequences of Phytophthora sojae and 
Phytophthora ramorum in 2006 (Tyler et al., 2006), the quantity of oomycete genomic 
data has steadily increased; currently 37 oomycete species now have publicly-available 
genomic data at the assembly level or higher (Table 3.1). With this in mind we have 
conducted the first whole-genome phylogenetic analysis for the oomycetes as a class, 
using a variety of supertree and supermatrix approaches which have previously been used 
in fungal whole-genome phylogenetic analysis (Fitzpatrick et al., 2006). In our analysis 
we utilized protein data from 37 complete oomycete genomes and 6 complete SAR 
genomes. This represents all extant genomic data from the four “crown” oomycete orders, 
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and covers 8 of the 10 phylogenetic clades within Phytophthora and 7 of the 10 
phylogenetic clades within Pythium (Table 3.1). Our whole-genome phylogenetic 
analysis of the oomycetes supports the four oomycete orders, the placement of 
Phytopythium within the Peronosporales, and individual clades within Phytophthora and 
Pythium. The resolution of the Peronosporales as an order varied under different methods, 
probably due to missing data from clades 4 and 9 within Phytophthora, however the 
overall order phylogeny is relatively congruent between our different methods. This 
analysis will provide a useful backbone to future genome phylogenies of the oomycetes 
utilizing more taxonomically extensive datasets. 
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Table 3.1. Taxonomic and genomic information for the 43 oomycete and SAR species in 
this analysis. Protein counts generated in this study from assembly data highlighted with 
an asterisk (*). References are to the genome publications where possible, or NCBI 
BioProject identifier or sequencing organization(s) otherwise. 
 
Species Name Clade Order Class Reference Genes 
Albugo candida n/a Albuginales Oomycot
a 
Links et al. (2011) 13310 
Albugo labiachii n/a Albuginales Oomycot
a 
Kemen et al. (2011) 13804 
Hyaloperonospora 
arabidopsidis 
n/a Peronosporal
es 
Oomycot
a 
Baxter et al. (2010) 14321 
Phytophthora agathidicida Clade 5 Peronosporal
es 
Oomycot
a 
Studholme et al. 
(2016) 
14110
* 
Phytophthora capsici Clade 2 Peronosporal
es 
Oomycot
a 
Lamour et al. (2012) 19805 
Phytophthora cinnamomi Clade 7 Peronosporal
es 
Oomycot
a 
Studholme et al. 
(2016) 
12942
* 
Phytophthora cryptogea Clade 8 Peronosporal
es 
Oomycot
a 
Feau et al. (2016) 11876
* 
Phytophthora fragariae Clade 7 Peronosporal
es 
Oomycot
a 
Gao et al. (2015) 13361
* 
Phytophthora infestans Clade 1 Peronosporal
es 
Oomycot
a 
Hass et al. (2009) 17797 
Phytophthora kernoviae Clade 
10 
Peronosporal
es 
Oomycot
a 
Sambles et al. (2015) 10650 
Phytophthora lateralis Clade 8 Peronosporal
es 
Oomycot
a 
Quinn et al. (2013) 11635 
Phytophthora multivora Clade 2 Peronosporal
es 
Oomycot
a 
Studholme et al. 
(2016) 
15006
* 
Phytophthora nicotianae Clade 1 Peronosporal
es 
Oomycot
a 
Liu et al. (2016) 10521 
Phytophthora parasitica Clade 1 Peronosporal
es 
Oomycot
a 
Broad Institute 27942 
Phytophthora pinifolia Clade 6 Peronosporal
es 
Oomycot
a 
Feau et al. (2016) 19533
* 
Phytophthora pluvialis Clade 3 Peronosporal
es 
Oomycot
a 
Studholme et al. 
(2016) 
18426
* 
Phytophthora pisi Clade 7 Peronosporal
es 
Oomycot
a 
PRJEB6298 15495
* 
Phytophthora ramorum Clade 8 Peronosporal
es 
Oomycot
a 
Tyler et al. (2006) 15743 
Phytophthora rubi Clade 7 Peronosporal
es 
Oomycot
a 
PRJNA244739 15462
* 
Phytophthora sojae Clade 7 Peronosporal
es 
Oomycot
a 
Tyler et al. (2006) 26584 
Phytophthora taxon totara Clade 3 Peronosporal
es 
Oomycot
a 
Studholme et al. 
(2016) 
16691
* 
Plasmopara halstedii n/a Peronosporal
es 
Oomycot
a 
Sharma et al. (2015) 15469 
Plasmopara viticola n/a Peronosporal
es 
Oomycot
a 
PRJNA329579 12048
* 
Phytopythium vexans n/a Peronosporal
es 
Oomycot
a 
Adhikari et al. 
(2013) 
11958 
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Species Name Clade Order Class Reference Genes 
Pilasporangium 
apinafurcum 
n/a Pythiales Oomycota PRJDB3797 13184* 
Pythium 
aphanidermatum 
Clade A Pythiales Oomycota Adhikari et al. 
(2013) 
12312 
Pythium arrhenomanes Clade B Pythiales Oomycota Adhikari et al. 
(2013) 
13805 
Pythium insidiosum Clade C Pythiales Oomycota Rujirawat et 
al. (2015) 
19290* 
Pythium irregulare Clade F Pythiales Oomycota Adhikari et al. 
(2013) 
13805 
Pythium iwayami Clade G Pythiales Oomycota Adhikari et al. 
(2013) 
14875 
Pythium oligandrum  Clade D Pythiales Oomycota Berger et al. 
(2016) 
14292* 
Pythium ultimum var. 
sporangiiferum 
Clade I Pythiales Oomycota Adhikari et al. 
(2013) 
14096 
Pythium ultimum var. 
ultimum 
Clade I Pythiales Oomycota Lévesque et 
al. (2010) 
15323 
Aphanomyces astaci n/a Saprolegniales Oomycota Broad 
Institute 
26259 
Aphanomyces invadans n/a Saprolegniales Oomycota Broad 
Institute 
20816 
Saprolegnia diclina n/a Saprolegniales Oomycota Jiang et al. 
(2011) 
18229 
Saprolegnia parasitica n/a Saprolegniales Oomycota Broad 
Institute 
20121 
Aureococcus 
anophagefferns 
n/a Pelagomonadale
s 
Pelagophyceae Gobler et al. 
(2011) 
11501 
Ectocarpus siliculosus n/a Ectocarpales Phaeophyceae Cock et al. 
(2012) 
16269 
Phaeodactylum 
tricornutum 
n/a Naviculales Bacillariophyce
ae 
Bowler et al. 
(2008) 
10402 
Thalassiosira 
psuedonana 
n/a Thalassiosirales Coscinodiscoph
yceae 
Armbrust et 
al. (2004) 
11776 
Paramecium tetraurelia n/a Peniculida Oligohymenop
horea 
Aury et al. 
(2006) 
39580 
Bigelowiella natans n/a Chlorarachnioph
yceae 
Cercozoa Curtis et al. 
(2012) 
21708 
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3.2 Materials and Methods 
3.2.1 Dataset assembly 
The predicted proteomes for 29 SAR species (23 oomycete species, four other 
stramenopile species, the alveolate species Paramecium tetraurelia and the rhizarian 
species Bigelowiella natans) were obtained from public databases (Table 3.1). Predicted 
proteomes for a further 14 oomycete species (10 Phythophthora species, two Pythium 
species, Plasmopara viticola and Pilasporangium apinafurcum) were generated from 
publicly-available assembly data using AUGUSTUS (Stanke et al., 2004). Templates for 
ab initio protein prediction with AUGUSTUS were generated from assembly and EST 
data from a number of reference oomycete species (Phytophthora sojae, Phytophthora 
capsici, Pythium ultimum var. ultimum and Plasmopara halstedii) (Table S3.1). Ph. sojae 
was used as a reference for Phytophthora species from clades 1-5, while Ph. sojae was 
used as a reference for Phytophthora species from clades 6-10. Py. ultimum var. ultimum 
was used as a reference for two Pythium species and Pi. apinafurcum. Pl. halstedii was 
used as a reference for Pl. viticola. GeneMark-ES (Ter-Hovhannisyan et al., 2008) was 
used in conjunction with AUGUSTUS for protein prediction for Pi. apinafurcum. The 
taxonomy, assembly and prediction statistics for each of the 14 assemblies included in 
this study are summarized in Table S3.1. Our final dataset contained 702,132 protein 
sequences from 37 oomycete genomes and 6 SAR genomes (Table 3.1, Table S3.1). 
 
3.2.2 Identification and reconstruction of gene phylogenies in oomycete 
and SAR genomes 
All 702,132 protein sequences in our dataset were filtered and clustered into 
56,638 orthologous gene families using OrthoMCL (Li, Stoeckert and Roos, 2003), with 
a BLASTp e-value cutoff of 10
-20
 (Ramsay et al., 2000) and an inflation value of 1.5. 
Using bespoke Python scripting, we identified and retrieved two types of gene family 
containing 200 sequences or fewer from the 56,638 families within our dataset: 
1) 2,853 single-copy gene families: single-copy orthologs present in ≥5 species, 
2) 11,158 multi-copy gene families: ≥1 paralog(s) present in ≥5 species. 
Each of these gene families was retrieved and aligned in MUSCLE (Edgar, 2004), and 
highly conserved regions of these alignments were sampled using Gblocks (Castresana, 
2000) with the default parameters. 266 single-copy gene families and 4,928 multi-copy 
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gene families did not retain alignment data after Gblocks sampling and were discarded. 
Permutation-tail probability (PTP) tests (Faith and Cranston, 1991) were carried out for 
every remaining sampled gene family in PAUP* (Swofford, 2002) using 100 replicates, 
to determine whether a given sampled gene family had phylogenetic signal. Those 
sampled gene families whose PTP test result had a result of p ≤ 0.05 were considered to 
have signal and retained. 2,280 single-copy sampled gene families (containing 35,622 
genes in total) and 6,055 multi-copy sampled gene families (containing 174,282 genes in 
total) ultimately satisfied our filtering process. Best-fit amino acid replacement models 
were selected for every remaining sampled gene family using ProtTest (Table S3.2), and 
maximum-likelihood phylogenetic reconstruction was carried out using PhyML with 100 
bootstrap replicates. 
 
3.2.3 Supertree analyses of single-copy and paralogous gene phylogenies 
 Maximum-parsimony supertree analysis of 2,280 single-copy gene phylogenies 
(containing 35,622 genes in total) was carried out using CLANN, by performing a subtree 
prune and regraft (SPR) heuristic search with 100 bootstrap replicates (Creevey and 
McInerney, 2005). This phylogeny was visualized and annotated as a cladogram using 
the Interactive Tree of Life (iTOL) website (Letunic and Bork, 2007) (Figure 3.3). As an 
additional analysis, a consensus super-network of phylogenetic multifurcations within the 
2,280 individual gene phylogenies was generated in SplitsTree (Huson and Bryant, 2006) 
(Fig S3.1). Gene tree parsimony (GTP) supertree analyses of all 8,335 gene phylogenies 
(containing 209,904 genes in total) was carried out using DupTree (Wehe et al., 2008), 
using a rooted SPR heuristic search over 100 bootstrapped replicates of each phylogeny. 
A consensus phylogeny was generated from all individual replicates using Consense and 
was visualized and annotated as a cladogram using iTOL (Figure 3.5). 
 
3.2.4 Identification and supermatrix analysis of ubiquituous oomycete 
gene phylogenies 
 A reciprocal BLASTp search was carried out with an e-value cutoff of 10
-10
 
between all 37 oomycetes proteomes in our dataset (590,896 protein sequences in total) 
and 458 core orthologous genes (COGs) in Saccharomyces cerevisiae from the CEGMA 
dataset (Ramsay et al., 2000; Parra, Bradnam and Korf, 2007). 443 oomycete gene 
families representing oomycete top hits to S. cerevisiae COGs were retrieved, of which 
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144 families contained an ortholog from all 37 oomycete species in our dataset. Each of 
these 144 families was aligned in MUSCLE, and sampled for highly conserved regions 
using Gblocks with the default parameters. After removing 13 families which failed to 
retain alignment data after Gblocks sampling, the remaining 131 sampled alignments 
(containing 4,847 genes in total) were concatenated into a superalignment of 16,934 
aligned positions. This superalignment was bootstrapped 100 times using SeqBoot, and 
maximum-likelihood phylogenetic trees were generated for each individual replicate 
using PhyML, with a LG+I+G+F amino acid substitution model as selected by ProtTest. 
A consensus tree was generated from these replicate trees using Consense and the 
consensus tree was visualized and annotated as a cladogram using iTOL (Figure S3.2). 
A neighbour-joining network of phylogenetic splits in the original superalignment was 
generated in SplitsTree (Figure S3.3). 
 
3.2.5 Identification and supermatrix analysis of ubiquitous 
Peronosporales gene phylogenies 
 347,375 protein sequences from the 22 Peronosporales proteomes in our dataset 
were filtered and clustered into 22,803 orthologous gene families using OrthoMCL, with 
a BLASTp e-value cutoff of 10
-20
 and an inflation value of 1.5. Using bespoke Python 
scripting we identified 352 ubiquitous Peronosporales gene families, which we defined 
as any family which had exactly one representative ortholog from all 22 Peronosporales 
species in our dataset. Each of these families was aligned in MUSCLE and sampled for 
highly conserved regions using Gblocks with the default parameters. After removing 39 
gene families which did not retain alignment data after sampling, the remaining 313 
sampled alignments (containing 6,886 genes in total) were concatenated into a single 
superalignment of 47,365 aligned positions. This superalignment was bootstrapped 100 
times using SeqBoot, and maximum-likelihood phylogenetic trees were generated for 
each individual replicate using PhyML with a JTT+I+G+F amino acid substitution model, 
as selected by ProtTest. A consensus tree was generated from these replicate trees using 
Consense and the consensus tree was visualized and annotated as a cladogram using iTOL 
(Figure 3.6). 
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3.3 Results and Discussion 
3.3.1 Identification of gene families 
For our supertree analyses, we constructed a dataset containing 43 complete 
genomes, 37 from oomycete species and 6 from other species within the SAR supergroup 
(Table S3.1). Of these 37 oomycete genomes, 26 were from either Phytophthora or 
Pythium species representing the majority of clades within both genera, and the remainder 
were sampled from all 4 of the “crown” orders. We downloaded proteomes for 23 
oomycete species which were available from public databases, and we generated 
corresponding proteomes for the remaining 14 species from publicly-available assembly 
data using bespoke oomycete reference templates with AUGUSTUS and GeneMark-ES 
(Stanke et al., 2004; Ter-Hovhannisyan et al., 2008) (Table S3.1). In total, our final 
dataset contained 702,132 protein sequences from 37 complete oomycete genomes and 6 
complete SAR genomes (Table 3.1). 
The initial step in determining the phylogeny of the 43 oomycete and SAR 
genomes in our dataset through supertree methods was to identify groups of closely 
related orthologs or paralogs within our dataset, which we termed gene families, and to 
use these groups to generate gene phylogenies to use as source data for our methods. To 
identify families of orthologous and paralogous genes in our dataset, we set the following 
criteria; 
1) A single-copy gene family contained no more than 1 orthologous gene 
per species in 4 or more species, 
2) A multi-copy gene family contained at least more than 1 orthologous 
gene (i.e. one or more paralogs) in at least 1 species in 4 or more species. 
Using OrthoMCL (Li, Stoeckert and Roos, 2003), with an inflation value of 1.5 and a 
strict BLASTp cutoff value of 10
-20 
(Ramsay et al., 2000), and bespoke Python scripting 
we identified over 56,000 orthologous oomycete and SAR gene families in our dataset. 
Of these, 2,853 families matched our criterion for single-copy families and 11,158 
families matched our criterion for multi-copy families. By aligning each of these gene 
families in MUSCLE (Robert C. Edgar, 2004) and sampling for highly conserved regions 
using Gblocks (Castresana, 2000), both using the default parameters, and then carrying 
out a permutation-tail possibility (PTP) tests for every remaining sampled alignment 
using PAUP* (Faith and Cranston, 1991; Swofford, 2002), we were able to remove 576 
single-copy gene families and 5,103 multi-copy gene families with poor phylogenetic 
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signal from our data. All remaining gene families had their evolutionary model estimated 
using ProtTest (Darriba et al., 2011) (Table S3.2), and maximum-likelihood gene 
phylogenies were generated using PhyML with 100 bootstrap replicates (Guindon et al., 
2010). We generated phylogenetic reconstructions for 2,280 orthologous gene families 
(containing 35,622 genes) and 6,055 paralogous gene families (containing 174,282 
genes). In total, from our 43 genome dataset we identified 8,335 individual gene 
phylogenies, containing 209,904 oomycete and SAR genes.  
 
 
Figure 3.3. Matrix representation with parsimony (MRP) supertree of 37 oomycete 
species and 6 SAR species (2,280 source phylogenies). Supertree generated in CLANN. 
Phylogeny rooted at branch separating oomycetes and SAR. No colour: P. tetraurelia 
(Alveolata) and B. natans (Rhizaria). 
 
3.3.2 Supertree phylogenies fully resolve oomycete class and order 
phylogenies 
 All 2,280 orthologous single-copy gene phylogenies (35,622 genes in total) were 
used as input for CLANN (Creevey and McInerney, 2005), which uses a Matrix 
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Representation using Parsimony (MRP) method to determine consensus phylogeny for 
many source phylogenies with overlapping taxa or missing taxa. An MRP supertree 
phylogeny was generated in CLANN using a heuristic search with 100 bootstrap 
replicates. The supertree was visualized and annotated within the Interactive Tree of Life 
(iTOL) website (Letunic and Bork, 2007) and rooted at the branch containing 
Paramecium tetraurelia, Bigelowiella natans and four Stramenopiles species (Figure 
3.3). 
MRP supertree analysis of 2,280 orthologous single-copy oomycete gene 
phylogenies supports the four “crown” oomycete orders; Saprolegniales, Albuginales, 
Pythiales and Peronosporales, with maximum bootstrap support (Figure 3.3). The MRP 
supertree reflects the consensus phylogeny of the oomycetes (Hakariya, Hirose and 
Tokumasu, 2007; Sekimoto et al., 2008; Beakes et al., 2014) (Figure 3.1). The 
Saprolegniales are the most basal “crown” order and the Albuginales is a sister order to 
the Pythiales. Within the Pythiales themselves a highly supported split between Pythium 
Clades A-D and Clades F-I is observed, matching similar splits seen in small-scale 
analyses (Lévesque and de Cock, 2004; Villa et al., 2006) (Figure 3.3). Pilasporangium 
apinafurcum, a Pythiales species, is placed sister to Pythium Clades F-I. The placement 
of Phytopythium vexans as an basal taxa within the Peronosporales has maximum 
bootstrap support, supporting the recent reclassification of the Phytopythium genus from 
the Pythiales (de Cock et al., 2015). Many individual Phytophthora clades within the 
Peronosporales are well-supported, In addition, the “downy mildews” species in our 
dataset (Hyaloperonospora arabidopsidis and two Plasmopara species) place as derived 
taxa within the Peronosporales order rather than as basal to Phytophthora. The overall 
phylogeny of the Peronosporales in our MRP supertree is summarized in Figure 3.4a and 
discussed in greater detail later in the text. As an additional analysis, a consensus super 
network of the phylogenetic splits within the 2,280 single-copy gene phylogenies was 
generated in SplitsTree (Huson and Bryant, 2006) (Figure S3.1). The network further 
highlights support for the four “crown” oomycete orders and the division of the Pythiales 
order as in the supertree phylogeny, it also recapitulates many of individual Phytophthora 
clades and intra-order relationships within the Peronosporales (Figures 3.3-4a, Figure 
S3.1). 
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Figure 3.4. Congruence of the Peronosporales order between our supertree and supermatrix methods. (a) MRP analysis, (b) GTP analysis, (c) 
concatenated supermatrix analysis. For full phylogenies, refer to Figures 3.3, 3.5 and 3.6 respectively
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Figure 3.5. Gene tree parsimony (GTP) supertree of 37 oomycete species and 6 SAR 
species (8,335 source phylogenies). Supertree generated in DupTree. Phylogeny rooted 
at branch separating oomycetes and SAR. No colour: P. tetraurelia (Alveolata) and B. 
natans (Rhizaria).
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 Both the 2,280 single-copy phylogenies and the 6,055 multi-copy phylogenies 
(209,904 genes in total) were used as input for DupTree (Wehe et al., 2008), which uses 
a gene tree parsimony (GTP) method to determine consensus phylogeny for many source 
phylogenies that may include gene duplication events. The source data was bootstrapped 
with 100 replicates, and the resultant consensus GTP supertree was rooted at the branch 
containing Paramecium tetraurelia, Bigelowiella natans and the other Stramenopiles 
species (Figure 3.5). As in the MRP supertree, all four individual crown oomycete orders 
and the oomycete class phylogeny are highly supported. The Pythiales order is once again 
split into highly-supported sister branches containing Clades A-D and Clades F-I 
respectively, and Pi. apinafurcum appears as a sister taxa to Phytopythium vexans (Figure 
3.5). The Peronosporales order is fully supported again, as is the placement of 
Phytopythium vexans as a basal member of the order (Figures 3.4b & 3.5). The downy 
mildews also place as highly derived taxa within the order, with weaker bootstrap 
supports in more derived branches than in the MRP supertree (Figures 3.3, 3.4a-b & 3.5). 
Overall, the phylogeny of the Peronosporales order in the GTP supertree displays weaker 
bootstrap support at some branches than the MRP supertree, but there is relatively good 
taxonomic congruence between the two supertree approaches for the Peronosporales 
(Figures 3.3, 3.4a-b & 3.5). 
 
3.3.3 Supermatrix approach based on ubiquitous Peronosporales gene 
phylogenies supports single-copy supertree phylogeny 
 As a complement to our supertree method phylogenies, we undertook a 
supermatrix approach to try to infer oomycete phylogeny by using oomycete homologs 
of known Clusters of Orthologous Groups (COG) proteins as markers (Parra, Bradnam 
and Korf, 2007). To identify oomycete COGs, we performed a reciprocal BLASTp of all 
37 oomycete proteomes in our full dataset (590,896 protein sequences in total) against 
458 Saccharomyces cerevisiae COGs with an e-value of 10-10. 443 oomycete gene 
families representing oomycete reciprocal top hits with S. cerevisiae COGs were 
retrieved, of 144 families contained an ortholog from all 37 oomycete species. A 
superalignment of 16,934 characters was generated by concatenating 131 aligned families 
which retained alignment data after Gblocks sampling with FASconCAT (Kück and 
Meusemann, 2010). The maximum-likelihood phylogeny of this superalignment was 
reconstructed in PhyML with 100 bootstrap replicates and a LG+I+G+F amino acid 
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substitution model as selected by ProtTest, and the resultant consensus phylogeny was 
rooted at the Saprolegniales branch (Figure S3.2). This initial supermatrix phylogeny 
supported the four “crown” orders similar to our supertree phylogenies, however poor 
resolution and inconsistent phylogeny was observed within the Peronosporales, 
particularly the placement of species from Phytophthora Clades 7 and 8 (Figure S3.2). 
To attempt to tease apart the poor resolution of the Peronosporales in our maximum-
likelihood phylogeny, a neighbour-joining network was generated for the OCOG 
superalignment in SplitsTree to visualize the bifurcations within the superalignment 
(Figure S3.3). As can be seen in the network, a significant amount of phylogenetic 
conflict displayed as alternative splits exist within Peronosporales between clades, 
matching the poor bootstrap supports and inconsistent topology throughout the 
Peronosporales in this class-level supermatrix phylogeny (Figures S3.2-S3.3). 
 
 
 
Figure 3.6. Maximum-likelihood (ML) supermatrix phylogeny of 22 Peronosporales 
species (313 ubiquitous Pernosporales gene families, 47,635 characters). Supermatrix 
phylogeny generated in PhyML with a JTT+I+G+F amino acid substitution model. 
Cladogram rooted at Phytopythium vexans.
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 To extend our OCOG supermatrix phylogeny, we took the approach of 
generating a supermatrix from ubiquitous gene families within the 22 Peronosporales 
species in our dataset. Using this approach, we hoped extend the amount of available 
alignment data for species solely within Peronosporales to improve resolution of the 
order. We defined a ubiquitous Peronosporales gene family as containing exactly one 
ortholog from all 22 Peronosporales species in our dataset. Using OrthoMCL, with a 
strict BLASTp e-value of 10-20 and an inflation value of 1.5, we identified over 20,000 
orthologous gene families in the 22 Peronosporales proteomes in our dataset. From 
these families we identified 352 ubiquitous gene families within Peronosporales using 
bespoke Python scripting, each family was then aligned in MUSCLE and sampled in 
Gblocks. After removing families which did not retain alignment data after Gblocks, we 
concatenated the remaining 313 gene families into a superalignment of 47,365 amino 
acids in length. The maximum-likelihood phylogeny for this superalignment was 
generated with 100 bootstrap replicates and a JTT+I+G+F evolutionary model. The 
resultant consensus phylogeny was rooted at Phytopythium vexans (Figure 3.6). While 
resolution of relationships between clades is still weak at some branches, the higher 
support seen on many other branches as well as the overall topology of the ubiquitous 
supermatrix phylogeny represent a substantial improvement over the OCOG 
supermatrix. Phytophthora Clades 1, 2, 7 and 8 are now individually all monophyletic 
with 100% bootstrap support. The order is split between the basal lineages 
(Phytopythium and Phytophthora Clades 6-10), and the more derived Phytophthora 
Clades 1-5 and the downy mildews (70% bootstrap support) (Figures 3.4c & 3.6), 
matching the phylogeny of the order as seen in our supertree methods with greatest 
congruence to the MRP supertree (Figures 3.4a-b). 
 
3.3.4 Resolution of the Peronosporales order in phylogenomic analysis 
 All three of our whole-genome supertree and supermatrix phylogenies support the 
Peronosporales order (Figures 3.4a-c) and display relative congruence with each other. 
Each phylogeny also supports the recent reclassification of Phytopythium from the 
Pythiales to the Peronosporales as a basal taxon (de Cock et al., 2015). All three 
phylogenies also show varying but strong bootstrap support (70-92%) for the divergence 
of Phytophthora Clades 1-5 and the downy mildews (Plasmopara spp., H. arabidopsidis) 
from the remaining Phytophthora clades and Phytopythium at a single point (Figures 3.4-
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c). The relationship between these taxa across our phylogenies can be summarized as 
follows: 
1) Phytophthora Clade 3 is split in each phylogeny (Figures 3.4a-c). 
2) The downy mildews species Hyaloperonospora arabidopsidis and 
Phytophthora taxon totara (Phytophthora Clade 3) are sister taxa, with 
maximum support in both MRP and supermatrix analysis (Figures 3.4a 
& 3.4c). 
3) A close relationship between Phytophthora Clades 1 and 2, the Clade 3 
species Phytophthora pluvialis and the downy mildew species 
Plasmopara viticola and Plasmopara halstedii is observed in each 
phylogeny, with maximum support in both MRP and supermatrix analysis 
(Figures 3.4a & 3.4c). 
The placement of the Clade 5 species, Phytophthora agathidcida, varies in each 
phylogeny but it appears that the species is most closely related to P. taxon totara and H. 
arabidopsidis within the Peronosporales, as is most apparent in MRP analysis (81% 
bootstrap support) (Figure 3.4a). As for the more basal clades, both the MRP and GTP 
phylogenies show some support for the Clade 6 species Phythophthora pinifolia being 
sister to Phytophthora Clade 8, with highest bootstrap support (75%) seen in the latter 
(Figures 3.4a-4b). 
 In our analysis, we set out to resolve relationships within the oomycetes where 
conflicts has arisen in different analyses, particularly in the Peronosporales order 
(Figures 3.2a-d). In respect to the divergence of Phytophthora Clades 1-5 and the downy 
mildews from the remaining basal taxa in the Peronosporales (i.e. Phytophthora Clades 
6-10 and Phytopythium), our results are congruent with the small-scale analyses 
performed by Blair et al. and Martin et al. (Blair et al., 2008; Martin, Blair and Coffey, 
2014) (Figures 3.2a, 3.2c-2d) with closest topological similarity to the latter authors’ 6-
loci coalescent method phylogeny (Figure 3.2d), despite a lack of data from H. 
arabidopsidis and Plasmopara species in both analyses and the inclusion of H. 
arabidopsidis data in the analysis carried out by Runge et al. (Runge et al., 2011) (Figure 
3.2b). Our own analysis lacks genomic data from any species in Phytophthora Clade 4, 
which is still un-sampled in terms of genome sequencing. In Runge et al., H. 
arabidopsidis branches within a paraphyletic Phytophthora Clade 4; were there a 
representative species from Clade 4 available a greater degree of resolution for the 
relationships between Phytophthora Clades 3-5 and Hyaloperonospora would likely be 
 90 
observed. However, it is not clear whether the placement of H. arabidopsidis relative to 
Phytophthora Clade 1 would then recapitulate that of Runge et al. (Runge et al., 2011). 
Similarly, with regards to the basal taxa our results are relatively congruent with the 
linearized relationships seen in previous analysis (Figures 3.2a-d), although the close 
relationship of the Clade 6 species Phytophthora pinifolia to Phytophthora Clade 7 seen 
in our two supertree methods is not reflected (Figures 3.4a-b) in any of the multi-locus 
phylogenies. The resolution of the relationships between Phytophthora Clades 6, 7 and 8 
varies both in support and topology between our analyses (Figures 3.4a-c), however 
similar variation can be observed between the highlighted multi-locus phylogenies (Blair 
et al., 2008; Runge et al., 2011; Martin, Blair and Coffey, 2014) (Figures 3.2a-d). The 
lack of genomic data from Phytophthora Clade 9 available also prevents any conclusions 
regards its placement in a whole-genome phylogeny, however it is likely that it would 
branch sister to Clade 10 species such as Phytophthora kernoviae, as the relationship 
between Clades 9 and 10 has been highly supported in multi-locus analyses (Blair et al., 
2008; Runge et al., 2011; Martin, Blair and Coffey, 2014). 
 
3.3.5 The use of supertree and phylogenomic methods in oomycete 
systematics 
 Our analysis is the first large-scale genome phylogeny of the oomycetes as a class, 
using all extant genomic data from 37 oomycete species. Our analysis has recapitulated 
the four crown orders of the oomycetes and many relationships within the two largest-
sampled orders, the Pythiales and the Peronosporales. During our analysis, we were 
conscious of potential characteristics of oomycete genomes that could obfuscate 
phylogenomic analysis. Intraspecific hybridization within the Phytophthora genus has 
been increasingly reported in the literature, and usually occurs in nature between 
Phytophthora species within the same phylogenetic clade (Burgess, 2015). A number of 
hybrid species or hybridization events have been described in Phytophthora Clades 6 to 
8 (Bertier et al., 2013; Burgess, 2015; Husson et al., 2015), however none of these species 
are present in our dataset. The role of HGT in affecting the quality of our analyses must 
also be considered; supertree and supermatrix analyses are thought to be susceptible to 
misleading signal in datasets where a large degree of HGT has occurred, particularly MRP 
analysis (Lapierre, Lasek-Nesselquist and Gogarten, 2014). While HGT from other 
microbial eukaryotes, fungi and prokaryotes have been identified within oomycete 
 91 
genomes, the majority of these events are thought to be ancestral or have not occurred in 
proportions large enough that we feel it may have affected our results (Richards et al., 
2011; Savory, Leonard and Richards, 2015; McCarthy and Fitzpatrick, 2016). Other 
factors, such as such as fast evolving regions of genomes or ancestral gene loss or 
duplication events within the oomycetes are not likely to have impacted on our analysis, 
given our genome-wide scale of data acquisition and our strict filtering of gene families 
with poor phylogenetic signal (Faith and Cranston, 1991; Judelson, 2012; Seidl et al., 
2012). 
 Compared with fungi, particularly in light of the ongoing 1000 fungal genomes 
project (http://1000.fungalgenomes.org), there is a relative dearth of genomic data for 
both the earliest diverging lineages and the “crown” taxa within the oomycetes. With a 
greater sampling of genomic sequencing of the oomycetes in the future, subsequent 
genome phylogenies of the oomycetes will hopefully match the success of genome 
phylogenies elsewhere in the eukaryotes at resolving individual species and clades (Beck 
et al., 2006; Fitzpatrick et al., 2006). It is possible that with a broader sampling of all 
Phytophthora clades and downy mildew species, we would see better resolution of the 
Peronosporales within any subsequent oomycete genome phylogenies. Similar 
approaches with other oomycete taxa, such as Pythium, may disentangle some of the 
phylogenetic conflicts seen in recent analyses (Uzuhashi, Tojo and Kakishima, 2010; 
Robideau, Rodrigue and André Lévesque, 2014). Similarly, sequencing of more 
Saprolegniales species or basal oomycete species and their inclusion in similar analyses 
will potentially help uncover further aspects of oomycete evolution, including the 
evolution of phytopathogenicity. Such analysis, of which ours is a first step, would also 
provide the benefit of establishing a robust phylogeny for an eukaryotic group with such 
devastating ecological impact, and hopefully encourage further genomics and 
phylogenomics research into the oomycetes. 
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3.4 Conclusions 
Using 37 oomycete genomes and 6 SAR genomes, we have carried out the first whole-
genome phylogenetic analysis of the oomycetes as a class. The different methods we 
used in our analysis support the four “crown” oomycete orders, and many individual 
phylogenetic clades within genera. Our analysis also generally supports the placement 
of Phytopythium within the Peronosporales, the placement of the downy mildews within 
the Phytophthora genus, and the topology of clades within the Pythiales order. 
However, resolution of the Peronosporales as an order remains weak at some branches, 
possibly due to a lack of genomic data for some phylogenetic clades within 
Phytophthora. As the amount of genomic data available for the oomycetes increases, 
future genome phylogenies of the class should resolve these branches, as well as those 
within currently unsampled basal lineages or under sampled taxa such as Saprolegnia. 
Our analysis represents an important backbone for oomycete phylogenetics, upon which 
future analyses can be compared. 
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Chapter outline 
Fungi are possibly the most diverse eukaryotic kingdom, with over a million-
member species and an evolutionary history dating back a billion years. Fungi have been 
at the forefront of eukaryotic genomics and owing to initiatives like the 1000 Fungal 
Genomes Project the amount of fungal genomic data has considerably increased over the 
last five years, enabling large-scale comparative genomics of species across the kingdom. 
In this chapter, we first review fungal evolution and the history of fungal genomics. We 
then review in detail seven phylogenomic methods and reconstruct the phylogeny of 84 
fungal species from 8 phyla using each method. Six methods have seen extensive use in 
previous fungal studies, while a Bayesian supertree method is novel to fungal 
phylogenomics. We find that both established and novel phylogenomic methods can 
accurately reconstruct the fungal kingdom. Finally, we discuss the accuracy and 
suitability of each phylogenomic method utilised. 
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4.1 Introduction 
4.1.1 The phylogeny of the fungal kingdom 
The fungi are one of the six kingdoms of life sensu Cavalier-Smith, sister to the 
animal kingdom, and encompasses millions of species found across a broad range of 
ecosystems (Berbee and Taylor, 1992; Baldauf and Palmer, 1993; Nikoh et al., 1994; 
Cavalier-Smith, 1998; Hawksworth, 2001). While the overall fossil record of the fungi is 
poor due to their simple morphology, fungal fossils have been identified dating back to 
the Ordovician period approximately 400 million years ago (Redecker, 2000) and 
molecular clock analyses suggest that the fungi originated in the Precambrian eon 
approximately 0.76—1.06 billion years ago (Berbee and Taylor, 2010). Classic studies 
into fungal evolution were based on the comparison of morphological or biochemical 
characteristics, however the broad range of diversity within the fungal kingdom had 
limited the efficacy of some of these studies (Léjohn, 1974; Taylor, 1978; Heath, 1980; 
Berbee and Taylor, 1992). Since the development of phylogenetic approaches within 
systematics and the incorporation of molecular data into phylogenetic analyses our 
understanding of the evolution of fungi has improved substantially (Guarro, Gené and 
Stchigel, 1999). 
Initial phylogenetic analyses of fungal species had revealed that there were four 
distinct phyla within the fungal kingdom; the early-diverging Chytridiomycota and 
Zygomycota, and the Ascomycota and Basidiomycota. The Chytridiomycota grouping 
was later subject to revision (James, Kauff, et al., 2006), and in their comprehensive 
classification of the fungal kingdom in 2007, Hibbet et al. formally abandoned the phylum 
Zygomycota (Hibbett et al., 2007). Instead Hibbet et al. treated zygomycete species as 
four incertae sedis subphyla (Entomophthoromycotina, Kickellomycotina, 
Mucoromycotina and Zoopagomycotina) and subsequently described one subkingdom 
(the Dikarya) and seven phyla namely Chytridiomycota, Neocallimastigomycota, 
Blastocladiomycota, Microsporidia, Glomeromycota, Ascomycota & Basidiomycota 
(Hibbett et al., 2007). More recent phylogenetic classification of the zygomycetes has led 
to the circumscription of the Mucoromycota and Zoopagomycota phyla (Spatafora et al., 
2016). Furthermore, recent phylogenetic analyses have shown that Rozella species 
occupy a deep branching position in the fungal kingdom (James, Kauff, et al., 2006; 
Jones, Forn, et al., 2011), the clade containing these species are now termed the 
Cryptomycota phylum (Jones, Forn, et al., 2011; Jones, Richards, et al., 2011).  
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4.1.2 Saccharomyces cerevisiae and the origin of modern fungal 
genomics 
 In terms of genomic data fungi are by far the highest sampled eukaryotic kingdom, 
with assembly data available for over 1,000 fungal species on the NCBI’s GenBank 
facility as of May 2017. Many of these species also have multiple strains sequenced (the 
most extreme example being Saccharomyces cerevisiae, which has over 400 strain 
assemblies available on GenBank). This reflects both the ubiquity of fungi in many areas 
of biological and medical study, and the relative simplicity of sequencing fungal genomes 
with modern sequencing technology. Fungi have been the exemplar group in eukaryote 
genetics and genomics, from the first determination of a nucleic acid sequence taken from 
S. cerevisiae by Holley and company in the late 1960s to the sequencing of the first 
eukaryotic genome in the mid-1990s (Holley et al., 1965; Goffeau et al., 1996). The 
genome of S. cerevisiae was sequenced through a massive international collaboration that 
grew to involve approximately 600 scientists in 94 laboratories and sequencing centres 
from across 19 countries between 1989 and 1996 (Goffeau and Vassarotti, 1991; Goffeau 
et al., 1996; Engel et al., 2014). Throughout the early 1990s each of the standard 16 
nuclear chromosomes of S. cerevisiae, sourced from the common laboratory strain 288C 
and its isogenic derivative strains AB972 and FY1679, were individually sequenced and 
published by participating researchers. Engel et al. (2014) briefly summarizes each of 
these sequencing projects. The initial publication of chromosome III involving 35 
European laboratories on its own (Oliver et al., 1992). The complete genome sequence 
of S. cerevisiae 288C was finally published in 1996, with 5,885 putative protein-coding 
genes and 275 transfer RNA genes identified across the genome’s ~12 million base pairs 
(Goffeau et al., 1996). 
In the intervening years the S. cerevisiae 288C reference genome has been 
constantly updated and refined as individual genes or chromosomes have been reanalysed 
or even resequenced, and all of these revisions have been recorded and maintained by the 
Saccharomyces Genome Database (Fisk et al., 2006). It is worth noting however, that 
such was the attention paid to the original sequencing project by its contributors that the 
most recent major update of the S. cerevisiae 288C reference genome, a full resequencing 
of the derivative AB972 strain using far less labour-intensive modern sequencing and 
annotation techniques, made only minor alterations to the original genome annotation 
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overall (Engel et al., 2014). Much of our understanding regarding the processes of 
genome evolution in eukaryotes since 1996 have also been derived from the study of the 
S. cerevisae 288C genome; including the confirmation that the S. cerevisiae genome had 
undergone a whole genome duplication (WGD) event (Wolfe and Shields, 1997; Kellis, 
Birren and Lander, 2004), the effect of interspecific hybridization on genome complexity 
(De Barros Lopes et al., 2002), evidence that inter-domain horizontal gene transfer (HGT) 
from prokaryotes into eukaryotes has occurred (Hall and Dietrich, 2007), to the ongoing 
development of an entirely synthetic genome through the Sc2.0 project (Annaluru et al., 
2014). 
 
4.1.3 Fungal genomics and phylogenomics beyond the yeast genome 
 As more model organisms from other eukaryotic kingdoms had their genomes 
sequenced, S. cerevisiae 288C provided a useful comparison as the reference fungal 
genome, even for more complex eukaryotes like Drosophila melanogaster. However, the 
later sequencing of other model fungal species Schizosaccharomyces pombe and 
Neurospora crassa showed the limits of relying solely on S. cerevisiae as a reference for 
the entire fungal kingdom, particularly the latter; N. crassa was found to have a far larger 
genome than either S. cerevisiae or S. pombe and over 57% of genes predicted in N. 
crassa had no homolog in either of the other two sequenced fungal genomes (Wood et 
al., 2002; Galagan et al., 2003; Galagan, Henn, et al., 2005). Borne out of a lull in fungal 
genomic advances and the increasing sophistication of sequencing technology, the Fungal 
Genome Initiative (FGI) was set up by a number of research organizations in the early 
2000s, under the aegis of the Broad Institute (Cuomo and Birren, 2010). Collaborators 
within the FGI were tasked with the sequencing and annotating the genomes of over 40 
species from across the fungal kingdom, with a broad scope of species selected for 
analysis; medically significant human fungal pathogens like Candida albicans and 
Aspergillus fumigatus, commercially important species such as Penicillium chrysogenum 
and Sclerotinia sclerotiorum, as well as basal fungal species such as Phycomyces 
blakesleeanus (Cuomo and Birren, 2010). Between 2004 and 2012, in approximately the 
same amount of time it had taken to sequence each individual chromosome of S. cerevisae 
288C in the 1990s, over 100 fungal genomes were sequenced and made publicly-available 
on facilities like GenBank and the Joint Genome Institute’s Genome Portal website 
(Grigoriev, Nordberg, et al., 2011; Benson et al., 2013). 
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 The steady increase in genomic data available for fungi from the first decade of 
this century on, while still sampled mainly from the Ascomycota and Basidiomycota 
phyla, allowed for a greater range of fungal genomic analyses to be conducted. This 
included phylogenomic analyses of the fungal kingdom using a variety of different 
methods (which we will discuss in detail in the following section) and comparative 
investigations such as analysis of the evolution of pathogenicity in genera like Candida 
or Aspergillus (Galagan, Calvo, et al., 2005; Butler et al., 2009; Jackson et al., 2009), the 
extent of inter/intra-kingdom HGT both to and from fungal genomes (Fitzpatrick, Logue 
and Butler, 2008; Marcet-Houben and Gabaldón, 2010; Richards et al., 2011; Szöllősi et 
al., 2015), identification of clusters of secondary metabolites (Keller, Turner and Bennett, 
2005; Khaldi et al., 2010) and syntenic relationships across Saccharomyces and Candida 
(Byrne and Wolfe, 2005; Fitzpatrick et al., 2010). The wealth of genomic data available 
for some fungal orders or classes has allowed for easier automation of the sequencing and 
annotation of novel related species, through the development of reference transcriptomic 
or proteomic data for gene prediction software such as AUGUSTUS or quality assessment 
software for genome assembly such as BUSCO (Stanke et al., 2004; Simão et al., 2015). 
 
4.1.4 The 1000 Fungal Genomes Project 
  The recent deluge of genomic data available for the fungal kingdom comes as a 
result of the 1000 Fungal Genomes Project, an initiative headed by the Joint Genome 
Institute (JGI). The project (which can be found at http://genome.jgi.doe.gov/pages/fungi-
1000-projects.jsf) aims to provide genomic sequence data from at least one species from 
every circumscribed fungal family, either from projects headed by the JGI, projects which 
have been incorporated into the MycoCosm database or through community-led 
nomination and provision of sequencing material. The project has an inbuilt preference 
for sequencing projects arising from families with no sequenced species to date, or only 
one other reference genome at the time of nomination. Assembly and annotation data is 
then hosted at the JGI’s MycoCosm facility as well as other publicly-available databases 
(Grigoriev et al., 2014). This community-wide effort has led to a staggering increase in 
the number of fungal genomes available within the last 5 years; Grigoriev et al. (2014) 
quoted the number of genomes present in MycoCosm at over 250 at the end of 2013, as 
of May 2017 there are 772 fungal genomes available to download from the facility, with 
another 500 species nominated for sequencing. The project has seen a large increase 
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particularly in the amount of data available from fungal phyla outside of the Dikarya, 
with 58 genomes currently available from the zygomycetes, the Chytridiomycota, 
Neocallimastigomycota and Blastocladiomycota. There are many other fungal families 
with species yet to be nominated for sequencing, including many families from the 
Pezizomycotina subphylum within Ascomycota and the Chytridiomycota phylum. It is 
hoped that the wealth of fungal genomic data arising from the 1000 Fungal Genomes will 
help, amongst countless other scenarios, to fuel the search for novel biosynthetic products 
and to better understand the ecological effects of different families within the fungal 
kingdom (Grigoriev, Cullen, et al., 2011). The initiative will also enable the large-scale 
comparative analysis of hundreds of fungal species from across the fungal kingdom, 
including kingdom-level phylogenomic reconstructions. 
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4.2 Phylogenomic reconstructions of the fungal kingdom 
Phylogenetic inference arising from molecular data has, in the past, predominately 
relied on single genes or small numbers of highly conserved genes or nuclear markers. 
While usually these markers make for robust individual phylogenies, potential conflicts 
can occur between individual phylogenies depending on the marker(s) used. The selection 
of such markers may also overlook other gene families which may be phylogenetically 
informative, such as gene duplication events or HGT events (Bininda-Emonds, 2004). 
With the advent of genome sequencing and the increasing sophistication of 
bioinformatics software and techniques, it has become common practice to reconstruct 
the evolutionary relationships of species by utilizing large amounts of phylogenetically 
informative genomic data. Such data can include ubiquitous or conserved genes, 
individual orthologous and paralogous gene phylogenies, shared genomic content or 
compositional signatures of genomes (Figure 4.1). Methods of phylogenomic analysis, 
in other words phylogenetic reconstruction of species using genome-scale data, have all 
been developed for each of these types of potential phylogenetic marker and each comes 
with their advantages and disadvantages. Many phylogenomic analyses of the fungal 
kingdom have been carried out using these methods. 
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Figure 4.1. Illustrative comparison of common phylogenomic methods. Top: supertree 
and presence-absence methods, middle: supermatrix methods, bottom: composition 
vector methods. 
 
In this section, we review in turn each established approach to phylogenomic 
reconstruction from molecular data present in the literature, and review each approach’s 
application in previous fungal phylogenomic analyses. To demonstrate both the 
application and accuracy of all of these approaches to reconstructing phylogeny from 
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genome-scale data, we have conducted our own phylogenomic analyses of the fungal 
kingdom using each method (Figure 4.2). We have carried out such analyses to take 
advantage of both the greater coverage of the fungal kingdom arising from the 1000 
Fungal Genomes Project, and the advances in phylogenetic methodologies in the years 
following many of the analyses that we review below. In total, 84 fungal genomes from 
across 8 phyla (Table 4.1) were selected for our large-scale phylogenomic 
reconstructions of the fungal kingdom. Where possible, we included at least one 
published representative genome from each order covered by the 1000 Fungal Genomes 
Project in our dataset. All genomic data was ultimately obtained from the Joint Genome 
Institute’s Mycocosm facility (Grigoriev et al., 2014). Our analyses include the first 
phylogenomic reconstruction of fungi carried out using a Bayesian supertree approach, 
and the first large-scale gene content approach to fungal phylogenomics that has been 
conducted in at least a decade. We discuss in brief, the methodology and the results of 
each reconstruction and their accuracy (or otherwise) in reconstructing the phylogeny of 
both basal fungal lineages and the Dikarya. In Section 3, we discuss the overall phylogeny 
of the fungal kingdom arising from our analyses and compare with previous literature. 
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Figure 4.2. Summary of the methodology of all seven phylogenomic analyses of 84 
fungal species carried out in this review. Refer to text for acronyms.  
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Table 4.1. List of species used in phylogenomic analysis. Genome data from MycoCosm 
(http://genome.jgi.doe.gov/programs/fungi/index.jsf) has previously been published and 
MycoCosm ID is given in final golumn. Genbank accessions given for Allomyces 
macrogynus and Batrachochytrium dendrobatidis. 
Species Phylum Subphylum Class MycoCosm ID 
Bipolaris maydis Ascomycota Pezizomycotina Dothideomycetes CocheC4_1 
Cenococcum 
geophilum 
Ascomycota Pezizomycotina Dothideomycetes Cenge3 
Hysterium 
pulicare 
Ascomycota Pezizomycotina Dothideomycetes Hyspu1_1 
Zymoseptoria 
tritici 
Ascomycota Pezizomycotina Dothideomycetes Mycgr3 
Aspergillus niger Ascomycota Pezizomycotina Eurotiomycetes Aspni7 
Coccidioides 
immitis 
Ascomycota Pezizomycotina Eurotiomycetes Cocim1 
Endocarpon 
pusillum 
Ascomycota Pezizomycotina Eurotiomycetes EndpusZ1 
Exophiala 
dermatitidis 
Ascomycota Pezizomycotina Eurotiomycetes Exode1 
Phaeomoniella 
chlamydospora 
Ascomycota Pezizomycotina Eurotiomycetes Phach1 
Blumeria 
graminis 
Ascomycota Pezizomycotina Leotiomycetes Blugr1 
Botrytis cinerea Ascomycota Pezizomycotina Leotiomycetes Botci1 
Arthrobotrys 
oligospora 
Ascomycota Pezizomycotina Orbiliomycetes Artol1 
Dactylellina 
haptotyla 
Ascomycota Pezizomycotina Orbiliomycetes Monha1 
Pyronema 
omphalodes 
Ascomycota Pezizomycotina Pezizomycetes Pyrco1 
Tuber 
melanosporum 
Ascomycota Pezizomycotina Pezizomycetes Tubme1 
Coniochaeta 
ligniaria 
Ascomycota Pezizomycotina Sordariomycetes Conli1 
Hypoxylon sp. 
EC38 
Ascomycota Pezizomycotina Sordariomycetes HypEC38_3 
Magnaporthe 
grisea 
Ascomycota Pezizomycotina Sordariomycetes Maggr1 
Neurospora 
crassa 
Ascomycota Pezizomycotina Sordariomycetes Neucr_trp3_1 
Ophiostoma 
piceae 
Ascomycota Pezizomycotina Sordariomycetes Ophpic1 
Phaeoacremoniu
m minimum 
Ascomycota Pezizomycotina Sordariomycetes Phaal1 
Xylona heveae Ascomycota Pezizomycotina Xylonomycetes Xylhe1 
Candida 
albicans 
Ascomycota Saccharomycotina Saccharomycetes Canalb1 
Lipomyces 
starkeyi 
Ascomycota Saccharomycotina Saccharomycetes Lipst1_1 
Ogataea 
polymorpha 
Ascomycota Saccharomycotina Saccharomycetes Hanpo2 
Saccharomyces 
cerevisiae 
Ascomycota Saccharomycotina Saccharomycetes SacceM3707_1 
Saitoella 
complicata 
Ascomycota Taphrinomycotina N/A Saico1 
Pneumocystis 
jirovecii 
Ascomycota Taphrinomycotina Pneumocystidomyc
etes 
Pneji1 
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Schizosaccharo
myces cryophilus 
Ascomycota Taphrinomycotina Schizosaccharomyc
etes 
Schcy1 
Schizosaccharo
myces japonicus 
Ascomycota Taphrinomycotina Schizosaccharomyc
etes 
Schja1 
Schizosaccharo
myces 
octosporus 
Ascomycota Taphrinomycotina Schizosaccharomyc
etes 
Schoc1 
Schizosaccharo
myces pombe 
Ascomycota Taphrinomycotina Schizosaccharomyc
etes 
Schpo1 
Protomyces 
lactucaedebilis 
Ascomycota Taphrinomycotina Taphrinomycetes Prola1 
Taphrina 
deformans 
Ascomycota Taphrinomycotina Taphrinomycetes Tapde1_1 
Agaricus 
bisporus 
Basidiomycota Agaricomycotina Agaricomycetes Agabi_varbur_
1 
Auricularia 
subglabra 
Basidiomycota Agaricomycotina Agaricomycetes Aurde3_1 
Botryobasidium 
botryosum 
Basidiomycota Agaricomycotina Agaricomycetes Botbo1 
Fibulorhizoctoni
a  
Basidiomycota Agaricomycotina Agaricomycetes Fibsp1 
Gloeophyllum 
trabeum 
Basidiomycota Agaricomycotina Agaricomycetes Glotr1_1 
Heterobasidion 
annosum  
Basidiomycota Agaricomycotina Agaricomycetes Hetan2 
Jaapia argillacea  Basidiomycota Agaricomycotina Agaricomycetes Jaaar1 
Punctularia 
strigosozonata 
Basidiomycota Agaricomycotina Agaricomycetes Punst1 
Serendipita 
indica  
Basidiomycota Agaricomycotina Agaricomycetes Pirin1 
Serpula 
lacrymans 
Basidiomycota Agaricomycotina Agaricomycetes SerlaS7_3_2 
Sistotremastrum 
suecicum  
Basidiomycota Agaricomycotina Agaricomycetes Sissu1 
Sphaerobolus 
stellatus 
Basidiomycota Agaricomycotina Agaricomycetes Sphst1 
Wolfiporia cocos  Basidiomycota Agaricomycotina Agaricomycetes Wolco1 
Calocera cornea  Basidiomycota Agaricomycotina Dacrymycetes Calco1 
Dacryopinax 
primogenitus  
Basidiomycota Agaricomycotina Dacrymycetes Dacsp1 
Basidioascus 
undulates 
Basidiomycota Agaricomycotina Geminibasidiomyc
etes 
Basun1 
Cryptococcus 
neoformans  
Basidiomycota Agaricomycotina Tremellomycetes Cryne_JEC21_
1 
Cutaneotrichosp
oron oleaginosus  
Basidiomycota Agaricomycotina Tremellomycetes Triol1 
Wallemia sebi  Basidiomycota Agaricomycotina Wallemiomycetes Walse1 
Leucosporidium 
creatinivorum  
Basidiomycota Pucciniomycotina Microbotryomycete
s 
Leucr1 
Microbotryum 
lychnidis-dioicae  
Basidiomycota Pucciniomycotina Microbotryomycete
s 
Micld1 
Rhodotorula 
graminis  
Basidiomycota Pucciniomycotina Microbotryomycete
s 
Rhoba1_1 
Mixia osmundae  Basidiomycota Pucciniomycotina Mixiomycetes Mixos1 
Puccinia 
graminis  
Basidiomycota Pucciniomycotina Pucciniomycetes Pucgr2 
Tilletiaria 
anomala  
Basidiomycota Ustilaginomycotina Exobasidiomycetes Tilan2 
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Malassezia 
sympodialis  
Basidiomycota Ustilaginomycotina Malasseziomycetes Malsy1_1 
Sporisorium 
reilianum  
Basidiomycota Ustilaginomycotina Ustilaginomycetes Spore1 
Ustilago maydis  Basidiomycota Ustilaginomycotina Ustilaginomycetes Ustma1 
Allomyces 
macrogynus  
Blastocladiomycot
a 
N/A Blastocladiomycete
s 
GCA_0001512
95.1 
Catenaria 
anguillulae  
Blastocladiomycot
a 
N/A Blastocladiomycete
s 
Catan2 
Batrachochytriu
m dendrobatidis 
Chytridiomycota N/A Chytridiomycetes GCA_0001498
65.1 
Rhizoclosmatiu
m globosum  
Chytridiomycota N/A Chytridiomycetes Rhihy1 
Spizellomyces 
punctatus  
Chytridiomycota N/A Chytridiomycetes Spipu1 
Gonapodya 
prolifera  
Chytridiomycota N/A Monoblepharidomy
cetes 
Ganpr1 
Rozella 
allomycis  
Cryptomycota N/A N/A Rozal1_1 
Rhizophagus 
irregularis  
Mucoromycota Glomeromycotina Glomeromycetes Gloin1 
Mortierella 
elongate  
Mucoromycota Mortierellomycotin
a 
N/A Morel2 
Phycomyces 
blakesleeanus  
Mucoromycota Mucoromycotina N/A Phybl2 
Rhizopus oryzae  Mucoromycota Mucoromycotina N/A Rhior3 
Umbelopsis 
ramanniana  
Mucoromycota Mucoromycotina N/A Umbra1 
Anaeromyces 
robustus  
Neocallimastigom
ycota 
N/A Neocallimastigomy
cetes 
Anasp1 
Neocallimastix 
californiae  
Neocallimastigom
ycota 
N/A Neocallimastigomy
cetes 
Neosp1 
Orpinomyces sp. 
C1A  
Neocallimastigom
ycota 
N/A Neocallimastigomy
cetes 
Orpsp1_1 
Piromyces finnis  Neocallimastigom
ycota 
N/A Neocallimastigomy
cetes 
Pirfi3 
Basidiobolus 
meristosporus  
Zoopagomycota Entomophthoromyc
otina 
Basidiobolomycete
s 
Basme2finSC 
Conidiobolus 
thromboides  
Zoopagomycota Entomophthoromyc
otina 
Entomophthoromy
cetes 
Conth1 
Coemansia 
reversa  
Zoopagomycota Kickxellomycotina N/A Coere1 
Linderina 
pennispora  
Zoopagomycota Kickxellomycotina N/A Linpe1 
Martensiomyces 
pterosporus  
Zoopagomycota Kickxellomycotina N/A Marpt1 
Ramicandelaber 
brevisporus  
Zoopagomycota Kickxellomycotina N/A Rambr1 
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4.2.1 Supermatrix phylogenomic analysis of fungi 
 The two best-established alignment-based approaches to reconstructing 
phylogeny on a genomic scale are the “supertree” method, in which a consensus 
phylogeny is derived from many individual gene phylogenies (discussed in Chapter 
4.2.2), and the “supermatrix” method which we discuss here. Supermatrix method 
phylogeny is the simultaneous analysis of a phylogenetic matrix, also referred to as a 
“superalignment”, constructed from all available character data from a given set of taxa. 
Generally supermatrices are constructed from concatenating highly-conserved markers 
(e.g. rRNA genes, mitochondrial markers) for small-scale multi-gene phylogenies, and 
from homologs of conserved orthologous genes (known as COGs, or sometimes KOGs 
in eukaryotes) for genome-scale phylogenies (Koonin et al., 2004; de Queiroz and 
Gatesy, 2007). Supermatrix approaches can also incorporate statistically-powerful 
maximum-likelihood and Bayesian methods of phylogenomic analysis. Described in 
simple terms, given an alignment of sequences and a suitable evolutionary model 
maximum-likelihood phylogenetic analysis examines all possible trees by their possible 
parameters (e.g. topology, site support, branch length) and returns the most likely 
phylogenetic tree for the alignment (Page and Holmes, 1998). Similarly, Bayesian 
analysis incorporates phylogenetic likelihoods to calculate the posterior probability of a 
phylogeny, which is the probability of that phylogeny given the alignment data 
(Huelsenbeck et al., 2001). 
One advantage of a supermatrix approach to phylogenomic analysis over a 
supertree approach is the retention of character evidence in analysis in the former 
approach; most supertree methods can be considered estimations using individual trees 
based on summarized character data, at least two steps removed from any actual sequence 
data, whereas a supermatrix approach entails direct analysis of combined character data 
(de Queiroz and Gatesy, 2007; Creevey and McInerney, 2009). Supermatrix methods also 
have the potential resolve deep branches and reveal so-called “hidden supports” within 
phylogenies that supertree methods may overlook (de Queiroz and Gatesy, 2007). 
However supermatrix analysis requires ubiquitous sequences from all taxa being 
investigated, which restricts the available pool of character data and may overlook 
important phylogenetic information from phylogenies with gene deletion, gene 
duplication or horizontal gene transfer events that supertrees methods can utilize 
(Creevey and McInerney, 2009). Compositional biases may also have an effect on 
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supermatrix methods, though phylogenetic models have been developed which can 
ameliorate errors that these biases may induce during analysis (Lartillot and Philippe, 
2004; Lartillot, Brinkmann and Philippe, 2007). In practice, many phylogenomic analyses 
utilize both supertree and supermatrix methods in tandem to reconstruct phylogeny in a 
“total evidence” approach (Kluge, 1989), and will often comment on the topological 
congruence (or otherwise) of the resulting phylogenies. 
 
4.2.1.1 Fungal phylogenomics using the supermatrix approach 
 Supermatrix analysis has been widely-used in fungal phylogenomics. One of the 
initial comparisons of individual gene phylogenies with genome-scale species 
phylogenies used a maximum-parsimony analysis amongst other methods to reconstruct 
the phylogeny of 7 Saccharomyces species and Candida albicans; the authors showed 
that incongruence amongst individual gene phylogenies could be resolved with high 
support using a concatenated alignment (Rokas et al., 2003). Initial genome-based 
phylogenies of Ascomycota using 17 genomes and both supertree and supermatrix 
methods resolved both Pezizomycotina and Saccharomycotina, as well as placing 
Schizosaccharomyces pombe as an early diverging branch within Ascomycota (Robbertse 
et al., 2006). Robbertse et al. (2006) generated a superalignment of 195,664 amino acid 
characters in length derived from 781 gene families, which produced identical topologies 
under both neighbour-joining and maximum-likelihood criteria. The first large-scale 
phylogenomic analysis of fungi used a 67,101-character superalignment derived from 531 
eukaryotic COGs found in 21 fungal genomes, all of which were sampled from 
Ascomycota and Basidiomycota (Kuramae et al., 2006). A more extensive phylogenomic 
analysis from the same year produced two highly congruent genome phylogenies from 
42 fungal genomes using two methods; a matrix representation with parsimony (MRP) 
supertree derived from 4,805 single-copy gene families (which we discuss in greater 
detail in Section 4.2.2.1), and a 38,000-character superalignment derived from 153 
ubiquitous gene families (Fitzpatrick et al., 2006). 
Most of the relationships resolved in Fitzpatrick et al. (2006) were further 
supported by a 31,123-character superalignment from 69 proteins conserved in up to 60 
fungal genomes generated by Marcet-Houben et al. (2009a), although they found a large 
degree of topological conflict within a 21-species Saccharomycotina clade (Marcet-
Houben and Gabaldón, 2009; Marcet-Houben, Marceddu and Gabaldón, 2009). A later 
 109 
follow-up analysis to Fitzpatrick et al. (2006) by Medina et al. (2011) reconstructed the 
phylogeny of 103 fungal species by performing Bayesian analysis on a 12,267-site 
superalignment derived from 87 gene families with a phyletic range of over half of their 
dataset, in addition to supertree analysis (Medina, Jones and Fitzpatrick, 2011). Medina 
et al. (2011) used this supermatrix phylogeny along with supertree phylogenies as a 
scaffold to investigate the distribution of yeast prion homologs throughout the fungal 
kingdom. A recent phylogenomic analysis of 46 fungal genomes, including 25 
zygomycetes species, reconstructed the phylogeny of the early-diverging fungal lineages 
using a 60,383-character superalignment (Spatafora et al., 2016). Another recent 
phylogenomic analysis used a 28,807-site superalignment derived from 136 gene families 
from 40 eukaryotic genomes to investigate the evolution of sourcing carbon from algal 
and plant pectin in early-diverging fungi (Chang et al., 2015). Finally, an analysis of the 
dynamics of genome evolution within 28 Dikarya species used a supermatrix phylogeny 
of 24,514 amino acid characters from 529 fungal gene families with large phyletic range 
to infer rates of intra-kingdom HGT within Dikarya (Szöllősi et al., 2015). 
To extend the analyses above, we carried out supermartrix analysis using 
maximum-likelihood and Bayesian methods on a superalignment constructed from 
orthologous genes conserved throughout 84 species from 8 phyla within the fungal 
kingdom. We describe our methodology and the resulting phylogenies in detail below. 
 
4.2.1.2 Phylogenomic reconstruction of 84 fungal species from 72 
ubiquitous gene families using Maximum Likelihood and Bayesian 
supermatrix analysis 
 A reciprocal BLASTp search was carried out between all protein sequences from 
our 84-genome dataset and 458 core orthologous genes (COGs) from Saccharomyces 
cerevisiae obtained from the CEGMA dataset, with an e-value cutoff of 10-10 (Parra, 
Bradnam and Korf, 2007; Camacho et al., 2009), from which 456 COG families were 
retrieved (two S. cerevisiae COGs did not return any homologs). From these, 86 
ubiquitous fungal COG families, i.e. families containing a homolog from all 84-input 
species, were identified. Each ubiquitous fungal COG family was aligned in MUSCLE, 
and conserved regions of each alignment were sampled in Gblocks using the default 
parameters (Castresana, 2000; Edgar, 2004). Fourteen alignments did not retain any 
character data after Gblocks filtering, and were removed from further analysis. The 
 110 
remaining 72 sampled alignments were concatenated into a superalignment of 8,529 
aligned positions using the Perl program FASconCat (Kück and Meusemann, 2010). This 
superalignment was bootstrapped 100 times using Seqboot (Felsenstein, 1989), and 
maximum-likelihood phylogenetic trees were generated for each individual replicate 
using PhyML with an LG+I+G amino acid substitution model as selected by ProtTest 
(Guindon et al., 2010; Darriba et al., 2011). A consensus phylogeny was generated from 
all 100 individual replicate phylogenies using CLANN (Creevey and McInerney, 2005). 
Markov Chain Monte Carlo (MCMC) Bayesian phylogenetic inference was carried out 
on the same superalignment using PhyloBayes MPI with the default CAT+GTR amino 
acid substitution model, running 2 chains for 1,000,000 iterations and sampling every 100 
iterations (Lartillot and Philippe, 2004; Lartillot et al., 2013). Both chains were judged to 
have converged after 100,000 iterations and a consensus Bayesian phylogeny was 
generated with a burn-in of 1,000 trees. Both supermatrix phylogenies were visualized 
using the Interactive Tree of Life (iTOL) website and annotated according to the NCBI’s 
taxonomy database (Federhen, 2012; Letunic and Bork, 2016). Both supermatrix 
phylogenies were rooted at Rozella allomycis, which is the most basal species in 
evolutionary terms in our dataset (Jones, Forn, et al., 2011), and is the root for all the 
phylogenies we present hereafter (Figures 4.3 & 4.4). 
 
4.2.1.3 Supermatrix analyses of 84 fungal species accurately 
reconstructs the fungal kingdom 
 We reconstructed the phylogeny of the fungal kingdom by generating a 
superalignment of 72 concatenated ubiquitous gene families and performing ML analysis 
using PhyML and Bayesian analysis using a parallelized version of PhyloBayes. Both 
ML and Bayesian analysis reconstruct the phylogeny of our fungal dataset with a high 
degree of accuracy relative to other kingdom phylogenies in the literature and in most 
cases recover the 8 fungal phyla in our dataset (Figures 4.3 & 4.4). Here, we discuss the 
results of both our analyses with regards to the basal fungal lineages, and the two Dikarya 
phyla. Further in this chapter, we use these supermatrix analyses as the point of 
comparison for our other phylogenomic methods. 
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Figure 4.3. ML phylogeny of 84 fungal species from a 8,529-character superalignment 
derived from 72 ubiquitous fungal COG families sampled in Gblocks using PhyML a 
LG+I+G model. Bootstrap supports shown on branches. Maximum bootstrap support 
designated with an asterisk (*). 
 
4.2.1.3.1 Basal fungi 
 In our ML supermatrix phylogeny, Blastocladiomycota emerge as the earliest-
diverging fungi with maximum bootstrap support (henceforth abbreviated to BP) after 
rooting at Rozella allomycis (Figure 4.3). Chytridiomycota and Neocallimastigomycota 
are placed as sister clades with 79% BP, surprisingly the Chytrioiomycota species 
Gonapodya prolifera branches as sister to Neocallimastigomycota (87% BP). The 
Chytridiomycetes class is monophyletic with maximum bootstrap support, as is the 
Neocallimastiomycetes class (Figure 4.3). The former zygomycetes phylum 
Zoopagomycota is strongly supported as a monophyletic clade with 95% BP (Figure 4.3). 
The other former zygomycetes phylum Mucoromycota is paraphyletic and split between 
a clade containing the Mucoromycotina and Mortierellomycotina species Mortierella 
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elongata  that has 68% BP, and the Glomeromycotina species Rhizophagus irregularis 
branching basal to Dikarya with lower support (38% BP). The placement of 
Mucoromycota as the closest phyla to Dikarya has near-maximum support (96% BP) 
which matches other analysis (Spatafora et al., 2016). 
The Bayesian supermatrix phylogeny is in near-total agreement with the ML 
phylogeny in resolving the relationships of the basal fungi in our dataset (Figure 4.4). 
The relationship between Chytridiomycota and Neocallimastigomycota in the Bayesian 
phylogeny mirrors that seen in the ML phylogeny, with all branches receiving maximum 
support as monophyletic with a Bayesian posterior probability (henceforth abbreviated to 
PP) equal to 1 (Figure 4.4). The Zoopagomycota are monophyletic with full support, with 
a topology matching the ML phylogeny with strong branch support throughout (Figure 
4.4). There is also a close association between the three Mucoromycota subphyla; 
Glomeromycota branches earlier in the Bayesian phylogeny than in the ML phylogeny, 
which receives maximum support in the Bayesian phylogeny, and the sister relationship 
between Mucoromycotina and Mortierella elongata receives strong support (0.94 PP) in 
the Bayesian phylogeny (Figure 4.4). Both the ML and Bayesian place the 
Mucoromycota as the basal phylum that is most closely related to Dikarya (Figure 4.4). 
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Figure 4.4. Bayesian phylogeny of 84 fungal species from a 8,529-character 
superalignment derived from 72 ubiquitous fungal COG families sampled in Gblocks 
using PhyloBayes MPI with a CAT+GTR model. Posterior probabilities shown on 
branches with a burn-in of 1,000 trees. Maximum posterior probability support designated 
with an asterisk (*). 
 
4.2.1.3.2 Basidiomycota 
 In the ML phylogeny, the 3 subphyla within Basidiomycota are fully resolved 
with maximum BP, with 84% BP for the placement of Ustilagomycotina and 
Pucciniomycotina as sister clades (Figure 4.3). Basidioascus undulatus and Wallemia 
sebi branch at the base of Agaricomycotina with maximum BP, while the other classes 
with the subphyla are all fully supported. There is also high support (88% BP) for the 
placement of Tremellomycetes as sister to Dacrymycetes and Agaricomycetes (Figure 
4.3). The Tremellomycetes, including Cryptococcus neoformans, are monophyletic. The 
Dacrymycetes are also monophyletic with maximum BP. The forest saprophyte 
Botryobasidium botryosum is placed at the base of the Agaricomycetes, which has some 
strong intra-clade resolution with weaker branch supports towards the tips of the clade 
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(Figure 4.3). Malassezia sympodialis, a commensal fungus of humans and animals, is 
placed at the base of the Ustilagomycotina. The Exobasidiomycetes species Tilletiaria 
anomala branches between Malassezia sympodialis and the Ustilagomycetes. The 
Pucciniomycotina are monophyletic with full support (Figure 4.3). The most highly 
represented Pucciniomycotina class, the Microbotryomycetes, are monphyletic with 69% 
BP (Figure 4.3). 
 The Bayesian phylogeny reflects the ML phylogeny in its resolution of the 
Basidiomycota as monophyletic with full support (Figure 4.4). The phylogeny places 
Pucciniomycotina at the base of the phylum with maximum support. Resolution of 
branches within Pucciniomycotina are substantially improved under Bayesian phylogeny 
(Figure 4.4). There is high support (0.9 PP) for a sister relationship between 
Ustilagomycotina and Agaricomycotina (Figure 4.4). The Exobasidiomycetes species 
Tilletiaria anomala now branches at the base of the Ustilagomycotina, which is resolved 
with maximum PP. There is maximum support for the placement of Malassezia 
sympodialis as sister to the Ustilagomycetes, which are monphyletic (Figure 4.4). As in 
the ML phylogeny, Basidioascus undulatus and Wallemia sebi branch at the base of 
Agaricomycotina with maximum support, while the other classes with the subphyla all 
have maximum support and have similar topology under Bayesian analysis. There is a 
large improvement in the support of branches in the Agaricomycotina in the Bayesian 
phylogeny relative to the ML phylogeny (Figure 4.4). 
 
4.2.1.3.3 Ascomycota 
 Both the ML and Bayesian supermatrix phylogenies display near-identical 
topologies for the Ascomycota, and Bayesian analysis shows stronger support for some 
branches towards the tips of the phylogeny than the ML phylogeny does (Figures 4. & 
4.4). The 3 subphyla within Ascomycota are fully resolved, with maximum BP support 
for Saccharomycotina and Pezizomycotina and 79% BP for the monophyly of 
Taphrinomycotina in the ML phylogeny (contrast with 0.94 PP for the monophyly of 
Taphrinomycotina in the Bayesian phylogeny; Figures 4.3 & 4.4). The placement of 
Taphrinomycotina as an ancestral clade within Ascomycota is fully supported, and within 
Taphrinomycotina there is high support (77% BP / 0.89 PP) for a sister relationship 
between Schizosaccharomycetes and Taphrinomycetes. 6 of the 7 classes within 
Pezizomycotina in our dataset with 2 or more representatives (i.e. all bar Xylonomycetes) 
are monophyletic, most of which receive maximum BP and/or PP support. Many of the 
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relationships between classes are also well-supported in both phylogenies, with lower 
support (67% BP) for a sister relationship between the Xylonomycetes species Xylono 
heveae and the Eurotiomycetes class in the ML phylogeny; in the Bayesian phylogeny 
Xylono heveae branches sister to a clade containing Dothideomycetes and 
Eurotiomycetes with maximum PP support (Figures 4.3 & 4.4). The Dothideomycetes 
are monophyletic in both phylogenies and branch into two clades with high support under 
both ML and Bayesian reconstruction (Figures 4.3 & 4.4). The Orbiliomycetes and 
Pezizomycetes are placed as the most basal Pezizomycotina classes; with strong support 
(94% BP / 0.99 BP) for a sister relationship (Figures 4.3 & 4.4). The Leotiomycetes and 
Sordariomycetes are also placed as a sister clades with maximum support in both 
phylogenies. The major difference in the resolution of the Sordariomycetes between the 
supermatrix phylogenies is the stronger branch supports within the order under Bayesian 
analysis (Figures 4.3 & 4.4). 
 
4.2.2 Parsimony supertree phylogenomic analysis of fungi 
 The most common supertree methods for reconstructing genome phylogenies are 
grounded in parsimony methods, in which changes to character states (i.e. evolutionary 
events such as presence of a given taxon in a tree or even a tree branch) are calculated 
and phylogeny is reconstructed using as little state changes as possible. The first supertree 
construction method to see widespread use in large-scale phylogenetic and phylogenomic 
analysis was the matrix representation with parsimony (MRP) method. MRP, which was 
developed independently by Baum (1992) and Ragan (1992), enables the use of source 
phylogenies with overlapping or missing taxa in generating a consensus phylogeny 
(Baum, 1992; Ragan, 1992). The method generates a matrix (referred to as a Baum-Ragan 
matrix) where each column represents one internal branch in each given source phylogeny 
such that the number of columns within the matrix is equal to the number of internal 
branches across all source phylogenies, and assigns a score of 1 to taxa from a given 
source phylogeny P which are present in the clade defined by internal branch A, 0 to taxa 
present in P but not within the clade defined by A, and ? to taxa that are not present in P 
(Creevey and McInerney, 2009). The Baum-Ragan matrix is then subject to parsimony 
analysis, with equal weighting given to each source phylogeny, and reconstructs the 
supertree phylogeny with the minimum of evolutionary changes required which includes 
all taxa represented across all source phylogenies. Similar parsimony methods, most 
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notably gene tree parsimony (Slowinski and Page, 1999), extend MRP to include source 
phylogenies containing duplicated taxa, however we do not cover such methods in this 
subsection. Parsimony-based supertree methods like MRP are generally quite accurate in 
reconstructing phylogeny for large datasets, although some issues have been observed 
(which we discuss in later sections of this chapter). 
 
4.2.2.1 Matrix representation with parsimony analysis in fungal 
phylogenomics 
 Many phylogenomic analyses of fungi have used parsimony methods. The first 
large-scale phylogenomic analysis of fungi to use MRP in supertree reconstruction was 
by Fitzpatrick et al. (2006), who carried out a phylogenomic reconstruction of fungi using 
42 genomes from Dikarya and the zygomycete Rhizopus oryzae using both supertree and 
supermatrix methods (Fitzpatrick et al., 2006). Using a random BLASTp approach to 
identify homologous gene families, where randomly selected query sequences are 
sequentially searched against a full database and then both query sequences and homologs 
(if any) are sequentially removed from the database, Fitzpatrick et al. (2006) utilized 
4,805 single-copy gene phylogenies for MRP supertree reconstruction using the software 
package CLANN (Creevey and McInerney, 2005, 2009). The MRP phylogeny resolved 
the Pezizomycotina and Saccharomycotina subphyla within Ascomycota and inferred the 
Sordariomycetes and the Leotiomycetes as sister classes within Pezizomycotina. The 
MRP phylogeny also resolved two major clades within the Saccharomycotina; a 
monophyletic clade of species that translate the codon CTG as serine instead of leucine 
(the “CTG clade”), and a grouping of species that have undergone whole genome 
duplication (the “WGD clade”) and their closest relatives. The authors compared the 
MRP phylogeny with a maximum-likelihood supermatrix phylogeny reconstructed using 
38,000 characters from 153 gene families (as detailed in the previous subsection); both 
were highly congruent with conflict only in the placement of the sole Doethideomycetes 
species represented, Stanonospora nodurum. The authors also complemented their MRP 
phylogeny with two other supertree methods implemented in CLANN; a most similar 
supertree analysis (MSSA) method phylogeny which was identical to the MRP supertree 
(Creevey et al., 2004) and an average consensus (AV) method phylogeny based on branch 
lengths (Lapointe and Cucumel, 1997), which the authors believed to suffer from long-
branch attraction in the erroneous placement of some species within the WGD clade in 
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Saccharomycotina (Fitzpatrick et al., 2006). A follow-up analysis to Fitzpatrick et al. 
(2006) by Medina et al. (2011) using 103 genomes was extended to include multi-copy 
gene families using the gene tree parsimony (GTP) method, and successfully resolved the 
major groupings within the fungal kingdom (Medina, Jones and Fitzpatrick, 2011). Using 
both a random BLASTp and a Markov Clustering Algorithm (MCL)-based approach with 
varying inflation values to identify orthologous gene families, the authors used as many 
as 30,012 single and paralogous gene phylogenies as input for supertree reconstruction. 
 As a follow-up to the supertree reconstructions of the fungal kingdom by 
Fitzpatrick et al. (2006) and Medina et al. (2011), we ran supertree analysis for 84 fungal 
species using MRP and AV methods and source phylogenies identifited via a random 
BLASTp approach described below. 
 
4.2.2.2 Phylogenomic reconstruction of 84 fungal species from 8,110 
source phylogenies using MRP and AV supertree methods 
Following Fitzpatrick et al. (2006), families of homologous protein sequences 
within our 84-genome dataset were identified using BLASTp with an e-value cutoff of 
10-20 by randomly selecting a query sequences from our database, finding all homologous 
sequences via BLASTp (Camacho et al., 2009), and removing the entire family from the 
database before reformatting and repeating. 12,964 single-copy gene families, which 
contained no more than one homolog from 4 or more taxa, were identified. Each single-
copy gene family was aligned in MUSCLE, and conserved regions of each alignment 
were sampled using Gblocks with the default parameters (Castresana, 2000; Edgar, 
2004). Sampled alignments were tested for phylogenetic signal using the PTP test as 
implemented in PAUP* with 100 replicates (Faith and Cranston, 1991; Swofford, 2002). 
8,110 sampled alignments which retained character data after Gblocks filtering and 
passed the PTP test were retained for phylogenomic reconstruction. 8,110 approximately-
maximum-likelihood gene phylogenies were generated with FastTree, using the default 
JTT+CAT protein evolutionary model (Price, Dehal and Arkin, 2010). All 8,110 single-
copy gene phylogenies were used to generate a matrix representation with parsimony 
(MRP) supertree using CLANN, with 100 bootstrap replicates (Creevey and McInerney, 
2005). To complement the MRP supertree, an average consensus (AV) supertree was 
generated from the same input dataset in CLANN, with 100 bootstrap replicates. Both 
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supertrees were visualized in iTOL and annotated according to the NCBI’s taxonomy 
database. Both supertrees were rooted at Rozella allomycis (Figures 4.5 & 4.6). 
 
4.2.2.3 MRP phylogenomic analysis of 84 fungal species is highly 
congruent with supermatrix phylogenomic analyses 
 We reconstructed the overall phylogeny of 8,110 single-copy source phylogenies 
from our 84-genome dataset using an MRP supertree method analysis as implemented in 
CLANN (Figure 4.5). MRP supertree reconstruction of the fungal kingdom recovers the 
majority of the eight fungal phyla in our dataset and is effective in resolving the Dikarya. 
However, there is poorer resolution of some of the basal phyla due to smaller taxon 
sampling perhaps having a negative influence on the distribution of basal taxa within our 
source phylogenies (we return to this in Section 3). Overall our MRP analysis is highly 
congruent with our supermatrix phylogenies detailed above, with some variation in the 
placement and resolution in some branches. We discuss the results of our MRP analysis 
for the basal fungal lineages and both Dikarya phyla and note some of the congruences 
and incongruences where noteworthy with our supermatrix phylogenies (Figures 4.3–
4.5). 
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Figure 4.5. Matrix Representation with Parsimony (MRP) phylogeny of 84 fungal 
species derived from 8,110 source phylogenies. Bootstrap supports shown on branches. 
Maximum bootstrap support designated with an asterisk (*). 
  
4.2.2.3.1 Basal fungi 
 After rooting at Rozella allomycis, the Neocallimastigomycota and 
Chytridiomycota (bar Gondpodya prolifera) emerge as the earliest-diverging fungal 
lineages. G. prolifera branches basal to the Blastocladiomycota with 73% BP (Figure 
4.5). This arrangement of the Neocallimastigomycota, Chytridiomycota and 
Blastocladiomycota has poor support in general (43% BP for a sister relationship between 
Neocallimastigomycotina and 4 Chytridiomycota species), however with the exception 
of the aforementioned placement of G. prolifera the individual phyla receive maximum 
or near-maximum support as monophyletic (Figure 4.5). Zoopagomycota is paraphyletic 
in our MRP phylogeny; a monophyletic Kicxellomycotina clade receives 74% BP support 
(Figure 4.5), while as in the supermatrix phylogenies (Figures 4.3 & 4.4) 
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Entomophthoromycotina is paraphyletic. In our MRP analysis, Basidiobolus 
meristosporus branches at the base of Mucoromycota and Conidiobolus thromboides 
branches at the base of Dikarya, but those relationships are poorly supported (30% and 
39% BP, respectively; Figure 4.5). The Glomeromycotina species Rhizopagus 
irregularis branches sister to the Mortierellomycota representative Morteriella elongata  
with weak support (52% BP), but Murocomycota (the placement of Glomeromycotina, 
Mortierellomycota and Mucoromycotina) receives higher support (85% BP). The 
monophyly of Mucoromycotina is also fully supported (Figure 4.5). Overall many of the 
associations between basal phyla we observed in our supermatrix phylogenies are present 
in our MRP analysis as well, however the overall placement of the basal fungal lineages 
varies between supermatrix and MRP analyses, such as the placement of 
Blastocladiomycota as a later-diverging clade than either Chytridiomycota or 
Neocallimastigomycota under MRP supertree analysis (Figures 4.3–4.5). 
 
4.2.2.3.2 Basidiomycota 
 The Basidiomycota are recovered with maximum support in our MRP phylogeny 
(Figure 4.5). The Pucciniomycotina emerge as the most basal subphylum with maximum 
support, with Mixia osmundae branching at the base of the subphylum and Puccinia 
graminis placed as sister to the Microbotryomycetes (who are monophyletic with 97% 
BP). This reflects the topology of Pucciniomycotina seen in our supermatrix phylogenies 
(Figures 4.3–4.5). The Ustilagomycotina and Agaricomycotina branch as sister subphyla 
with 99% BP and both are monophyletic; the former is fully supported at the branch level 
and the latter has 94% BP. Malassezia sympodialis is placed at the base of 
Ustilagomycotina, reflecting the resolution of the Ustilagomycotina under ML 
supermatrix analysis (Figures 4.3 & 4.5). In the Agaricomycotina, Wallemia sebi and 
Basidioascus undulatus branch at the base of the subphylum with maximum support. The 
three larger classes from Agaricomycotina in our dataset (Agaricomycetes, 
Dacrymycetes, Tremellomycetes) are all monophyletic and are recovered with maximum 
support (Figure 4.5). The MRP phylogeny of the Basidiomycota is highly congruent 
overall with the supermatrix phylogenies, with comparable branch support (Figures 4.3-
4.5). 
 
4.2.2.3.3 Ascomycota 
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 Our MRP phylogeny supports the Ascomycota as a monophyletic group with 
maximum BP (Figure 4.5). There is greater support along many deeper branches in the 
Ascomycota in our MRP phylogeny than in our ML supermatrix phylogeny and support 
is comparable with our Bayesian phylogeny; we ascribe this to a larger abundance of 
smaller source phylogenies containing closely-related Ascomycotina species in our 
dataset (Figure 4.3-4.5). Taphrinomycotina emerge as the earliest-diverging lineage but 
is paraphyletic; Saitoella complicata branches as an intermediate between 
Taphrinomycotina and a Saccharomycotina-Pezizomycotina clade with 98% BP, while 
the remaining members are monophyletic with weak support (58% BP). Pneumocystis 
jirovecii is placed as a sister taxon to Schizosaccharomycetes in our MRP analysis with 
weak support (36% BP); in the supermatrix phylogenies it was sister to Taphrinomycetes. 
The Taphrinomycetes and Schizosaccharomycetes themselves are monophyletic with 
maximum BP (Figure 4.5). The Saccharomycotina are monophyletic with 99% BP 
(Figure 4.5). The six larger classes (i.e. all bar Xylonomycetes) in our dataset from 
Pezizomycotina are all supported as monophyletic and receive maximum BP, with 
Pezizomycetes and Orbiliomycetes branching as the basal sister clades (Figure 4.5). The 
MRP phylogeny mirrors Bayesian supermatrix reconstruction in placing a single origin 
for three classes (Xylonomycetes, Eurotiomycetes and Dothideomycetes) with maximum 
support (Figures 4.4 & 4.5). As in both supermatrix phylogenies, Dothideomycetes are 
split into two clades with high or maximum support. In the Sordariomycetes, MRP 
analysis reflects the ML supermatrix phylogeny in placing Hypoxylon sp. EC58 at the 
base of the class (Figures 4.3 & 4.5). The MRP phylogeny of the Ascomycota is highly 
congruent with both of our supermatrix phylogenies with comparable branch supports, 
which is aided by the broad range of genomic data available for the phylum (Figures 4.3–
4.5). 
 
4.2.2.4 Average Consensus phylogenomic reconstruction of 84 fungal 
species is affected by long-branch attraction artefacts 
 To complement our MRP phylogeny, we generated an average consensus (AV) 
method supertree phylogeny (Figure 4.6) using the same set of input phylogenies as 
implemented in CLANN following Fitzpatrick et al. (2006). AV phylogeny infers 
phylogeny based on the branch lengths of source phylogenies, by computing the average 
value of the path-length matrices associated with said source phylogenies, and then using 
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a least-squares method to find the source matrix closest to this average value (Lapointe 
and Cucumel, 1997). The tree that is associated with this source matrix is the average 
consensus phylogeny for the total set of source phylogenies, and the method is thought to 
work best with a set of source phylogenies of similar size (Lapointe and Cucumel, 1997). 
Our AV phylogeny was rooted at Rozella allomycis (Figure 4.6). Given the results we 
obtained from our AV phylogeny we believe that the method is susceptible to long-branch 
attraction (Felsenstein, 1978), as reported by Fitzpatrick et al. (2006). Long-branch 
attraction occurs when two very divergent taxa or clades with long branch lengths (i.e. 
many character changes occurring over time) are inferred as each other’s closest relative 
due to convergent evolution of a given character (e.g. amino acid substitution), and is a 
common problem in parsimony and distance-based methods (Felsenstein, 1978; Bergsten, 
2005). In the AV phylogeny we recovered the two Blastocladiomycota species in our 
dataset within a large paraphyletic Pezizomycotina clade (Figure 4.6). Additionally, the 
Ascomycota are paraphyletic; one clade containing two Pezizomycotina classes 
(Pezizomycetes and Orbiliomycetes), the Taphrinomycotina and the Saccharomycotina 
species Lipomyces starkeyi places at the base of Dikarya, while three Saccharomycotina 
species (including Saccharomyces cerevisiae) appear as a sister clade to 
Pucciniomycotina (Figure 4.6). The Agaricomycotina are also paraphyletic; 
Tremellomycetes and two basal Basidiomycota species (Basidioascus undulatas and 
Wallemia sebi) appear closer to Ustilagomycota (Figure 4.6). Many of the supports 
throughout the tree are extremely poor (almost all of the incongruences we highlighted 
all have <40% BP), which seems to be another effect of long-branch attraction (Figure 
4.6). Due to the breadth of fungal taxa we have sampled for our multiple analyses, and 
the time-scale of the evolution of the fungal kingdom being approximately 1 billion years 
old, it is unsurprising that a method using branch lengths to infer a close relationship 
between actually distantly-related species that both have long branches, a classic example 
of the “Felsenstein Zone” (Bergsten, 2005; Huelsenbeck & Hillis, 1993). Ultimately, our 
AV phylogeny (Figure 4.6) seems to confirm one of the concerns of Fitzpatrick et al. 
(2006) in much more stark fashion; that the AV method is not appropriate for large-scale 
phylogenomic reconstructions containing taxa sampled from across many phyla without 
prior predictive analysis of the potential for long-branch attraction in such datasets (Su 
and Townsend, 2015). 
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Figure 4.6. Average Consensus (AV) phylogeny of 84 fungal species derived from 8,110 
source phylogenies. Bootstrap supports shown on branches. Maximum bootstrap support 
designated with an asterisk (*).  
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4.2.3 Bayesian supertree phylogenomic analysis of fungi 
 While parsimony-based supertree reconstructions are generally reliable, concerns 
have been raised in the past as to some of the underlying methodology of MRP 
reconstruction and the effects that factors like input tree sizes (Pisani and Wilkinson, 
2002; Wilkinson et al., 2004). There has long been the desire for a supertree method that 
infers phylogeny from source trees with more statistical rigour like Bayesian and 
maximum-likelihood inference methods. While Bayesian and ML analysis are the 
standard for supermatrix reconstruction, such methods have been difficult to implement 
in the past for supertree analysis due to computational limitations, most of which is down 
to the necessity of tree searching for the best supertree (i.e. calculating likelihoods for all 
possible supertrees given a set of source phylogenies). 
It is only in recent years that phylogenomic inference based on ML and Bayesian 
methods have been implemented for supertree analysis; one such model for supertree 
likelihood estimation was first described by Steel & Rodrigo (2008) and then refined the 
following year (Steel and Rodrigo, 2008; Bryant and Steel, 2009). The Steel & Rodrigo 
method of likelihood estimation (henceforth referred to as ST-RF) is based on modelling 
the incongruences between input gene phylogenies and a corresponding unknown or 
provided supertree phylogeny. Two recent implementations of ST-RF ML analysis have 
been reported; the first a heuristic method of estimating approximate ML supertrees based 
on subtree pruning and regrafting implemented in the Python software L.U.St. by Akanni 
et al. (2014), and the second a heuristic Bayesian MCMC criterion by Akanni et al. (2015) 
implemented in the Python software package p4 (Foster, 2004; Akanni et al., 2014, 2015). 
Akanni et al. (2015) tested the Bayesian MCMC implementation on both a large 
kingdom-wide metazoan dataset and a smaller Carnivora dataset; notably the analysis 
produced a Bayesian supertree in full agreement with both the literature on metazoan 
relationships and a previous MRP supertree analysis on the same dataset (Holton and 
Pisani, 2010). 
No parametric supertree reconstruction has been carried out for the fungal 
kingdom to date, and with that in mind we reconstructed the phylogeny of our 84-genome 
dataset with the MCMC Bayesian criterion developed by Akanni et al. (2015) using a 
slightly amended gene phylogeny dataset from our MRP and AV supertree phylogenies. 
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4.2.3.1 Heuristic MCMC Bayesian supertree reconstruction of 84 fungal 
genomes from 8,050 source phylogenies 
 MCMC Bayesian supertree analysis was carried out on the single-copy phylogeny 
dataset using the ST-RF model as implemented in p4 (Foster, 2004; Steel and Rodrigo, 
2008; Akanni et al., 2015). As ST-RF analysis is currently only implemented in p4 for 
fully bifurcating phylogenies, 60 phylogenies were removed from the total single-copy 
phylogeny dataset, for an input dataset of 8,050 gene phylogenies. Two separate MCMC 
analyses with 4 chains each were ran for 30,000 generations with β = 1, sampling every 
20 generations. The analyses converged after 30,000 generations, and a consensus 
phylogeny based on posterior probability of splits was generated from 150 supertrees 
sampled after convergence following Akanni et al. (2015). This consensus phylogeny was 
visualized in iTOL and annotated according to the NCBI’s taxonomy database and rooted 
at Rozella allomycis (Figure 4.7). 
 
4.2.3.2 Supertree reconstruction with a heuristic MCMC Bayesian 
method highly congruent with MRP and supermatrix phylogenies 
 Using 8,050 of the 8,110 individual gene phylogenies which we identified in our 
MRP supertree analysis, we have reconstructed the first parametric supertree of the fungal 
kingdom (Figure 4.7). We selected the ST-RF MCMC Bayesian supertree reconstruction 
method implemented in p4 for reconstruction over the heuristic method implemented in 
L.U.St. due to tractability issues regarding large datasets in the latter method (Akanni et 
al., 2014, 2015). Two ST-RF analyses were carried out for 30,000 generations, and the 
analyses were adjudged to have converged after 20,000 generations. To construct a 
phylogeny from our MCMC analysis we sampled 150 trees generated after convergence 
and built a consensus tree in p4, where branch support values are the estimated posterior 
probabilities of a given split (i.e. bipartition) within a phylogeny (Figure 4.7). Our ST-
RF MCMC analysis is highly congruent with both our MRP supertree phylogeny and 
supermatrix phylogenies, and supports the monophyly of the majority of the 8 fungal 
phyla in our dataset (Figure 4.7). Below, we detail the resolution of the basal and Dikarya 
lineages under ST-RF analysis. 
 
4.2.3.2.1 Basal fungi 
 126 
 After rooting at Rozella allomycis, the Neocallimastiogmycota and 
Chytridiomycota (except Gonapodya prolifera) form a sister group relationship with 
maximum PP (Figure 4.7). The Blastocladiomycota emerge after this branch, and the 
Chytridiomycota species Gonapodya prolifera branches as sister to the phylum with 
maximum PP (Figure 4.7). There is weak support (0.51 PP) for a monophyletic clade 
containing both former zygomycetes phyla Zoopagomycota and Mucoromycota as sister 
clades (Figure 4.7). Notably, unlike MRP and supermatrix analysis, ST-RF phylogeny 
places the Entomophthoromycotina as monophyletic but with very weak support (0.38 
PP). There is also weak support for the placement the Entomophthoromycotina as basal 
within Zoopagomycota. Kickxellomycotina are monophyletic with maximum support. 
The monophyly of Mucoromycota is fully supported, with Rhizophagus irregularis 
(Glomeromycotina) and Mortierella elongata (Mortierellomycotina) branching as sister 
taxa (Figure 4.7). 
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Figure 4.7. MCMC Bayesian supertree phylogeny of 84 fungal species derived from 
8,060 fully bifurcating source phylogenies. Phylogeny generated in p4 using ST-RF 
model of maximum-likelihood supertree estimation running for 30,000 generations with 
β = 1. Posterior probabilities of bipartition(s) within 150 trees sampled after convergence 
shown on branches. Maximum posterior probability support designated with an asterisk 
(*). 
 
4.2.3.2.2 Basidiomycota 
 The Basidiomycota are supported as a monophyletic group with maximum PP 
(Figure 4.7). There is weak support for the monophyly of Pucciniomycotina (0.6 PP), 
however the deeper branches within the subphyla are all fully supported and their 
topology reflects both the MRP supertree and ML supermatrix phylogenies discussed 
above (Figures 4.3, 4.5, 4.7). There is full support for a sister relationship between 
Ustilaginomycotina and Agaricomycotina, and both these subphyla are fully supported. 
In Ustilagoinomycotina, Malassezia sympodialis is the basal species with maximum 
support (Figure 4.7), as in our supermatrix and MRP supertree phylogenies. The topology 
of the Agaricomycotina is nearly identical on the class level to both the MRP and 
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supermatrix phylogenies; with Basidioascus undulatus and Wallemia sebi branching as 
basal species, the Tremellomycetes forming a monophyletic intermediate clade, and a 
fully-supported sister relationship between the Dacrymycetes and the Agaricomycetes 
(Figure 4.7). 
 
4.2.3.2.3 Ascomycota 
 The monophyly of the Ascomycota is supported with maximum PP, as is the 
monophyly of two of the three subphyla in Ascomycota (Figure 4.7). Taphrinomycotina 
is paraphyletic as in the MRP phylogeny, with Saitoella complicata branching sister to 
Saccharomycota with near-maximum support (0.99 PP) and the remaining 
Taphrinomycotina species are placed as a monophyletic clade with maximum PP 
(Figures 4.5 & 4.7). The Taphrinomycetes branch at the base of the Taphrinomycotina 
clade, and there is weak support (0.51 PP) for the placement of Pneumocystis jirovecii as 
sister to the Schizosaccharomycotina (Figure 4.7). The Saccharomycotina are fully 
supported as monophyletic (1.0 PP) with Lipomyces starkyei placed at the base of the 
subphyla. The monophyly of the Pezizomycotina is also fully supported and there is 
maximum support for the monophyly of the six larger-represented classes within the 
subphylum (Figure 4.7). Additionally, the relationships between the individual classes 
within Pezizomycotina is identical to the topology seen in both the MRP supertree 
phylogeny and the ML supermatrix phylogeny (Figures 4.3, 4.5 & 4.7). The 
Orbiliomycetes and Pezizomycetes branch as the earliest-diverging clades within 
Pezizomycotina with maximum PP, the Sordariomycetes and Leotiomycetes are sister 
classes with maximum PP and a monophyletic Dothideiomycetes-Xylonomycetes-
Eurotiomycetes clade receives maximum PP (Figure 4.7) 
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4.2.4 Phylogenomics of fungi based on gene content 
A common alternative to phylogenomic reconstruction using gene phylogenies is 
to take a “gene content” approach in which evolutionary relationships between species 
are derived from shared genomic content, such as the presence or absence of conserved 
orthologous genes (COGs) or the overall proportion of shared genes between two species, 
working under the assumption that species that share more of their genome are closely 
related  (Snel, Bork and Huynen, 1999; Snel, Huynen and Dutilh, 2005). In the case of 
presence-absence analyses, a matrix can be constructed for the species under 
investigation which can then have their phylogeny reconstructed via parsimony methods. 
Analyses based on proportions of shared genes can entail the construction of distance 
matrices for all input species, with values equal to the inverse ratio of shared genes (i.e. 
if two species share 75% of their genes, their distance is 0.25), which is then used to 
construct a neighbour-joining phylogeny. The advantages of such approaches is the 
relative tractability of parsimony or distance-based gene content methods, and their 
potential to use more information from genomes rather than the sourcing of data from 
smaller sets of gene families required by supertree or supermatrix approaches (Creevey 
and McInerney, 2009). However the gene content approach is by its very nature a “broad 
strokes” approach and can ignore potentially important phylogenetic information from 
individual gene phylogenies such as HGT events, and assumes the same evolutionary 
history for missing orthologs or genomic content among species (Page and Holmes, 
1998). 
 
4.2.4.1 Gene content approaches to phylogenomics in fungi 
Gene content approaches to phylogenomic reconstruction have seen application 
in a number of phylogenomics studies, although its greatest use predated many of the now 
common supertree and supermatrix methods. One of the earliest phylogenomic studies 
used a distance-based approach based on shared gene content to reconstruct the 
phylogeny of 13 unicellular species, including S. cerevisiae (Snel, Bork and Huynen, 
1999). Another study used a weighted distance matrix approach to reconstruct the 
phylogeny of 23 prokaryote and eukaryote species, including Saccharomyces cerevisiae 
and partial genomic data from Schizosaccharomyces pombe (Tekaia, Lazcano and Dujon, 
1999). The most extensive gene content-based phylogenomic reconstruction of fungi was 
an analysis of 21 fungal genomes and 4 other eukaryote genomes in 2006 (Kuramae et 
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al., 2006). In their analysis, the authors generated a presence-absence matrix (PAM) of 
4,852 COGs in fungal genomes as a complement to a supermatrix phylogeny using 531 
concatenated proteins which was reconstructed using four different methods (MP, ML, 
neighbour-joining and Bayesian inference). The authors reconstructed the phylogeny of 
all 25 genomes using this presence-absence matrix and found that the PAM phylogeny 
differ most in the placement of Schizosaccharomyces pombe within Saccharomycetes as 
opposed to its basal position in Ascomycetes as seen in their supermatrix reconstructions 
(Kuramae et al., 2006). 
To test the accuracy of inferring the phylogeny of a large genomic dataset using 
simple parsimony methods based on shared genomic content, we carried out a simple 
parsimony-based presence-absence matrix (PAM) phylogenomic reconstruction of 84 
fungal species based on the presence of orthologs from single-copy gene families. 
 
4.2.4.2 Phylogenomic reconstruction of 84 fungal species based on COG 
presence-absence matrix 
 A simple presence-absence matrix (PAM) was generated for 84 fungal genomes 
based on their representation across 12,964 single-copy gene families identified via the 
random BLASTp approach detailed in Section 2.2. Parsimony analysis of this matrix was 
carried out using PAUP* with 100 bootstrap replicates. The resultant consensus 
phylogeny generated by PAUP* was visualized using iTOL and annotated according to 
the NCBI’s taxonomy database. The phylogeny was rooted at Rozella allomycis (Figure 
4.8). 
 
4.2.4.3 COG presence-absence matrix approach displays erroneous 
placement of branches within Dikarya  
 We generated a simple presence-absence matrix (PAM) phylogeny for the 84 
fungal genomes in our dataset by checking for the presence or absence of all 84 species 
across the 12,964 single-copy phylogenies we generated during our supertree analyses 
via random BLASTp searches and using the PAM as input for parsimony analysis 
(Figure 4.8). The simple PAM phylogeny shows some level of congruence with the other 
phylogenomic analyses described here along certain branches (Figure 4.8). The 
monophyly of Neocallimastigomycota, Chytridiomycota and Blastocladiomycota all 
display maximum or near-maximum BP, and there is 72% BP for a sister relationship 
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between Chytridiomycota and Neocallimastigomycota (Figure 4.8). The 
Zoopagomycota and Mucoromycota are placed in one monophyletic clade with 82% BP, 
with the two Entomophthoromycotina species in our dataset branching as closely related 
to the Mucoromycota (Figure 4.8). However, some glaring conflicts with the other 
phylogenomic methods we carried out can be observed within the Dikarya lineage. Most 
notably, the Agaricomycotina and Saccharomycotina are both paraphyletic in our single 
copy PAM approach; for the former, Wallemia sebi and Basidioascus undulatus branch 
at the base of the Basidiomycota adjacent to Ustilagomycotina, while in the latter 3 of the 
4 Saccharomycotina (excluding Lipomyces starkeyi) species branch in our dataset at the 
base of the Ascomycota, implying that Taphrinomycotina diverged later than 
Saccharomycotina (Figure 4.8). There is uncertain placement of clades within the 
Basidiomycota subphyla in particular. In the Ascomycota, the Taphrinomycotina are 
paraphyletic and Saitoella complicata branches adjacent to L. starkeyi. The monophyly 
of all six larger Pezizomycotina classes are supported, many with relatively high or even 
maximum BP, however there is poorer resolution of many relationships within these 
classes with the clearest examples being the Sordariomycetes and Eurotiomycetes 
(Figure 4.8). In short, our PAM phylogeny is able to retrieve relationships with some 
level of accuracy within the fungal kingdom, but the method lacks the ability to resolve 
some of the more divergent relationships within fungi to the degree that some of our 
supermatrix or supertree phylogenies have illustrated. 
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Figure 4.8. Maximum-parsimony (MP) phylogeny of 84 fungal species based on the 
presence of homologs from 12,964 single-copy gene families identified via random 
BLASTp searches. Bootstrap supports shown on branches. Maximum bootstrap support 
designated with an asterisk (*). 
 
4.2.5 Alignment-free phylogenomic analysis of fungi 
Another alternative to the alignment-based methods of phylogenomic 
reconstruction we have detailed above is the use of a string-based comparison of genomes 
to infer phylogeny, based on the assumption that under such comparisons each species 
should have a characteristic genomic signature that can act as a phylogenetic marker 
(Delsuc, Brinkmann and Philippe, 2005). Some analyses have thus used signatures such 
as distribution of protein folds or frequency of oligonucleotides from genetic and genomic 
data to infer phylogeny (Campbell, Mrázek and Karlin, 1999; Lin and Gerstein, 2000; 
Pride et al., 2003). The most widely-used alignment-free phylogenomic method, the 
composition vector (CV) approach, was first implemented by Qi et al. (2004) who used 
the approach to reconstruct the phylogeny of 87 prokaryote species from 11 bacterial and 
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2 archaeal phyla (Qi, Wang and Hao, 2004). In their analysis, the authors detail the CV 
method for reconstructing phylogeny using genome-scale data, which we recount as 
follows: 
1) Given a nucleic acid or amino acid sequence of length L in a genome, 
count the appearances of overlapping strings (i.e. oligonucleotides or 
oligopeptides) of a length K and construct a frequency vector of length 4K 
for nucleic acid sequences and 20K for amino acid sequences. 
2) Subtract background noise, to account for random mutation at the 
molecular level, from each frequency vector to generate an overall 
composition vector for a given genome. 
3) Calculate a distance matrix for the set of composition vectors 
corresponding to the set of input genomes. 
4) Generate a neighbour-joining phylogeny from the distance matrix using 
software such as Neighbor or PAUP*. 
The main advantages of the composition vector approach over traditional alignment-
based methods of inferring phylogeny are the removal of artificial selection of 
phylogenetic markers from the process of reconstruction (the only variable in the method 
is K, the length of overlapping oligopeptides), and the relative speed with which the 
approach can infer phylogeny for large datasets over alignment-based supertree or 
supermatrix methods. Hence, it may be useful for quick phylogenomic identification of 
newly sequenced genomes against published data and as an independent verification step 
of previous alignment-based phylogenetic or phylogenomic analysis (Wang et al., 2009). 
On that point however, interpreting the accuracy or otherwise of CV phylogenomic 
reconstructions is generally dependent on prior knowledge of the phylogeny of given taxa 
derived from alignment-based phylogenetic or phylogenomic analyses. An approach to 
inferring phylogeny based on nucleotide or amino acid composition may also be 
susceptible to compositional biases, and there has not been to the best of our knowledge 
a rigorous analysis of the potential effect these may have on accuracy of phylogenomic 
inference, as there have been for the supertree or supermatrix methods referred to above. 
  
4.2.5.1 Composition vector method phylogenomics of fungi 
Many of the phylogenomic analyses using the CV method have analysed large 
prokaryotic datasets or broad global datasets sampled from many phyla or kingdoms 
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across the three domains of life, whose phylogenies were recovered with quality 
comparative to alignment-based phylogenomic analyses. The most extensive application 
of the composition vector approach in fungal phylogenomics was an 85-genome analysis 
by Hao et al. (2009) using a CV implementation in the software program CVTree (Qi, 
Luo and Hao, 2004; Wang et al., 2009). For their analysis, Wang et al. (2009) 
reconstructed the phylogeny of the fungal kingdom using 81 genomes from 4 fungal phyla 
(Basidiomycota, Ascomycota, Chytridiomycota and Mucoromycota) as well as the 
microsporidian Encephalitozoon cuniculi and three eukaryotic outgroup taxa. The authors 
described the resolution of both the Basidiomycota and Ascomycota in detail in their 
analysis; the three subphyla within Basidiomycota were recovered but with poor 
bootstrap support due to issues with taxon sampling (only 12 Basiomycota species had 
genomic data at the time of the analysis), while the main focus of the authors analysis 
was on the resolution of 65 Ascomycota species. Within the Ascomycota the 
Taphrinomycota (represented by three Schizosaccharomyces species) were fully resolved 
and in the Saccharomycotina the two clades described by Fitzpatrick et al. (2006), the 
CTG clade and the WGD clade, were also recovered. CV reconstruction recovered 4 
classes within Pezizomycotina; the Dothideomycetes and Eurotiomycetes were placed as 
sister taxa with maximum support, as were the Sordariomycetes and Leotiomycetes. 
To complement our phylogenomic analyses based on source gene phylogenies or 
identification of shared orthologs, we carried out alignment-free analysis of 84 fungal 
species using the composition vector method as implemented in CVTree. 
 
4.2.5.2 Phylogenomic reconstruction of 84 fungal species using the CV 
approach 
 Composition vector analysis was carried out on 84 genomes using CVTree with 
K = 5 (Qi, Luo and Hao, 2004). We selected K = 5 as the best compromise of both 
computational requirements and resolution power. As the CV method does not generate 
bootstrapped phylogenies, we generated 100 bootstrap replicates of our 84-genome 
representative dataset using bespoke Python scripting, and ran composition vector 
analysis on each replicate dataset (Zuo et al., 2010). 100 replicate neighbour-joining 
phylogenies were calculated from their corresponding CVTree output distance matrices 
using Neighbor (Felsenstein, 1989). The majority-rule consensus phylogeny for all 100 
composition vector replicate trees was generated using Consense (Felsenstein, 1989), and 
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was visualized in iTOL, and annotated according to the NCBI’s taxonomy database. The 
phylogeny was rooted at Rozella allomycis (Figure 4.9). 
 
4.2.5.3 Composition vector phylogenomic reconstruction of 84 fungal 
species is congruent with alignment-based methods 
 We carried out composition vector method phylogenomic reconstruction of our 
84-genome dataset to complement the alignment-based and genomic content methods we 
detailed above (Figure 4.9). Our composition vector analysis displays adequate levels of 
taxonomic congruence with our supermatrix and supertree analyses detailed in previous 
sections, supporting all the monophyly of each major fungal phylum and many of the 
subphyla within (Figure 4.9). There are however some variations in topology and support 
between the basal lineages and within the Pezizomycotina subphylum in our CV 
phylogeny compared to our supermatrix and supertree phylogenies. 
 
4.2.5.3.1 Basal fungi 
 After rooting at Rozella allomycis, the Neocallimastigomycota emerge as the 
earliest-diverging fungal lineage (Figure 4.9). The monophyly of 
Neocallimasigomycetes is also fully supported. Monophyletic Blastocladiomycota and 
Chytridomycota clades branch as sister phyla with 62% BP. The monophyly of 
Blastocladiomycota receives maximum support, and notably unlike our MRP and 
supermatrix phylogenies Gonapodya prolifera branches within the Chrytridomycota with 
86% BP (Figures 4.3–4.5, 4.9). In contrast to both supermatrix phylogenies and the MRP 
and ST-RF phylogenies, and like the AV and PAM phylogenies the two zygomycetes 
fungal phyla (Mucoromycota, Zoopagmycota) are placed within one monophyletic clade 
with 79% BP (Figures 4.3–4.9). Kickxellomycotina are monophyletic with 95% BP, and 
branch at the base of this Zoopagomycota-Mucoromycota clade. Resolution of the 
relationship between the rest of the former zygomycetes subphyla is harder to ascertain 
and has weaker support; the two Entomophthoromycotina species branch distant from 
each other with Basidiobolus meristosporus branching within Mucoromycota adjacent to 
Mortierellomycotina and Conidiobolus thromboides branching beside the 
Glomeromycotina species Rhizophagus irregularis, similar to what is seen under PAM 
phylogenomic analysis (Figures 4.8–4.9). Like the MRP phylogeny (Figure 4.5), 
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Rhizopus irregularis is within a paraphyletic Mucoromycota clade instead of at the base 
of the Dikarya as seen in the supermatrix phylogenies (Figures 4.3, 4.4 & 4.9). 
 
4.2.5.3.2 Basidiomycota 
 Pucciniomycotina is placed as the earliest-diverging subphylum within 
Basidiomycota with 52% BP, and the Ustilagomycotina and Agaricomycotina subphyla 
are sister clades with 95% BP (Figure 4.9). The most-represented class within the 
Pucciniomycotina, the Microbotryomycetes, are monophyletic with 65% BP (Figure 
4.9), while unlike the rest of our phylogenies discussed above Puccinia graminis is placed 
as the most basal species within Pucciniomycotina. Within the Ustilaginomycotina, 
Malassezia sympodialis are placed as the basal lineage sister to the Exobasidiomycetes 
representative Tilletieria anomala similar to its position under ML supermatrix 
reconstruction and MRP reconstruction (Figures 4.3, 4.5 & 4.9). The Agaricomycetes 
are monophyletic with 84% BP, with varying support for relationships within the class 
but a topology identical to both supermatrix phylogenies and MRP phylogeny with the 
exception of the placement of Tremellomycetes within a monophyletic ancestral branch 
adjacent to Basidioascus undulatus and Wallemia sebi (Figures 4.3–4.5, 4.9). 
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Figure 4.9. Composition vector (CV) method phylogeny of 84 fungal species generated 
from 100 bootstrapped replicates of an 84-genome dataset. Bootstrap supports shown on 
branches. Maximum bootstrap support designated with an asterisk (*). 
 
4.2.5.3.3 Ascomycota 
 Within the Ascomycota, all three subphyla are resolved as monophyletic clades 
(Figure 4.9). Taphrinomycotina is placed as the most basal subphylum within 
Ascomycota with maximum support, while the Pezizomycotina and Saccharomycotina 
are sister subphyla with 80% BP (Figure 4.9). The Taphrinomycotina are monophyletic 
with 80% BP, and CV phylogeny displays maximum support for a sister relationship 
between Pneumocystis jirovecii and the Schizosaccharomycetes and near-maximum 
(96% BP) support for a similar relationship between Saitoella complicata and the two 
Taphrinomycetes representatives in our dataset (Figure 4.9). The Saccharomycotina are 
monophyletic with 74% support. (Figure 4.9) All 6 larger classes from the 
Pezizomycotina represented in our dataset are resolved as monophyletic. The 
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Orbiliomycetes and Pezizomycetes are placed as both sister subphyla and the earliest 
diverging Pezizomycotina clades, both with maximum BP. The Leotiomycetes and 
Sordariomycetes are also sister clades with 95% BP. As our MRP phylogeny, the 
Eurotiomycetes are placed as sister to the Xylonomycetes species Xylona heveae with 
97% BP (Figures 4.5 & 4.9). 
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4.3 A genome-scale phylogeny of 84 fungal species from 
seven phylogenomic methods 
There is a large degree of congruence in the resolution of the fungal kingdom in 
most of the phylogenomic analyses we’ve described in this analysis, which speaks to the 
quality of the genomic data we obtained from MycoCosm and the relative accuracy of 
the majority of the phylogenomic methods we utilized. In constructing a dataset for our 
analyses, we selected one representative from as many fungal orders as had been 
sequenced to date; this was to generate a phylogeny that was representative on the order 
level (though we do not focus on order phylogeny in this review) and to avoid over-
representation of highly sampled taxa such as Eurotiomycetes or Saccharomycotina. 
Many of the best-known phylogenetic relationships within the fungal kingdom were 
recovered in our analyses, such as the monophyly of Dikarya as a whole (Hibbett et al., 
2007). However, our analyses also supports more recent studies that have attempted to 
resolve outstanding branches of the fungal tree of life (Spatafora et al., 2016). In this 
section, we briefly describe the main trends seen across our seven phylogenomic 
reconstructions of the fungal kingdom and their congruence with previous studies, and 
comment on the reconstructions of both the well-studied and highly-represented 
Pezizomycotina subphylum and some of the newly-circumscribed basal phyla. Finally, 
we discuss the suitability of the phylogenomic methods we have described and applied in 
this review for future fungal systematics studies. 
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Figure 4.10. Congruence of 8 fungal phyla under 5 phylogenomic reconstructions. All 
clades bar Cryptomycota (represented Rozella allomycis) collapsed by phylum, 
paraphyletic species displayed as individual leaves. Gonapodya prolifera = 
Chytridiomycota, Rhizophagus irregularis = Mucoromycota, all other species except R. 
allomycis = Zoopagomycota. Refer to Figures 4.3, 4.4, 4.5, 4.7 and 4.9 respectively for 
original phylogenies. Figure 4.10a. ML and Bayesian supermatrix phylogenies. Branch 
supports given as ML bootstrap supports and, where topology is identical, Bayesian 
posterior probabilities. Maximum bootstrap or posterior probability support designated 
with an asterisk (*). Figure 4.10b. MRP supertree phylogeny. Branch supports given as 
bootstrap supports. Maximum bootstrap support designated with an asterisk (*). Figure 
4.10c. MCMC Bayesian supertree phylogeny using ST-RF ML method. Branch supports 
given as posterior probabilities of bipartition(s). Maximum posterior probability support 
designated with an asterisk (*). Figure 4.10d. CV phylogeny. Branch supports given as 
bootstrap supports. Maximum bootstrap support designated with an asterisk (*). 
 
 
4.3.1 Higher-level genome phylogeny of the fungal kingdom 
Despite variations in the resolution of some branches, there is a trend across the 
majority of phylogenies conducted of support or partial support for the eight phyla 
described in our dataset. Figure 4.10 shows the congruence on the phylum level within 
the fungal kingdom in five of our seven phylogenetic reconstructions. We will refer to 
Figure 4.10 and the subfigures (Figures 4.10a–d) in Figure 4.10 when comparing the 
different reconstructions on the phylum level and to the corresponding full phylogenies 
themselves for comparisons at lower levels here and elsewhere (average consensus and 
gene content phylogenies are omitted from Figure 4.10 on the basis of erroneous 
placement of taxa). Beginning with the Cryptomycota species Rozella allomycis, the next-
earliest diverging clade within the fungal kingdom is the Blastocladiomycota under both 
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supermatrix analyses followed by Neocallimastigomycota and Chytridiomycota (Figure 
4.10a). Other analyses place Neocallimastigomycota and Chytridiomycota (except 
Gonapodya prolifera) as closest to R. allomycis (Figure 4.10b-d). 
We describe the resolution of the former zygomycetes in greater detail below, but 
in the five phylogenies in Figure 4.10 all support at least a sister relationship between the 
two zygomycetes phyla Zoopagomycota and Mucoromycota. The placement of the 
Glomeromycotina species Rhizophagus irregularis varies, but Mucoromycota is 
generally placed as sister to the Dikarya (Figure 4.10). The Basidiomycota are fully 
supported as monophyletic in each of the five phylogenies represented in Figure 4.10, 
and all bar ML supermatrix reconstruction are in exact agreement with the two most 
extensive fungal genome phylogenies containing all three Basidiomycota subphyla 
(Wang et al., 2009; Medina, Jones and Fitzpatrick, 2011). The Ascomycota are also fully 
supported as monophyletic in each of the five phylogenies represented in Figure 4.10, 
with the only major variation being the placement of Saitoella complicata within (or 
paraphyletic to) Taphrinomycotina (Figure 4.10). The Saccharomycotina are 
monophyletic in all five phylogenies (Figure 4.10). We discuss the class-level phylogeny 
within Pezizomycotina in greater detail in below (Figure 4.11), but to briefly summarize 
here we see strong-to-maximum support for all six of the larger classes that were present 
in our dataset, and support for the two unofficial “Sordariomyceta” and 
“Dothideomyceta” groupings within Pezizomycotina (Schoch et al., 2009). 
 
4.3.2 Multiple phylogenomic methods show moderate support for the 
modern designations of Mucoromycota and Zoopagomycota 
 There is moderate support for the recent designation of the zygomycetes phyla 
Zoopagomycota and Mucoromycota by Spatafora et al. (2016) across most of our 
phylogenomic methods (Figure 4.10). Previously the species within these two phyla were 
classified within Zygomycota, a phylum-level classification that had dated back to the 
1950s until it was formally disputed by Hibbett et al. (2007). Six incertae sedis 
zygomycetes subphyla were later circumscribed (Hoffmann, Voigt and Kirk, 2011), and 
subsequent phylogenetic analyses informally classified the zygomycetes subphyla into 
two groups, which were later established as Mucoromycota and Zoopagomycota (Chang 
et al., 2015; Spatafora et al., 2016). 
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Our phylogenomic analyses included 11 species from the two zygomycetes phyla, 
with the best resolution found in the ST-RF phylogeny where Zoopagomycota and 
Mucoromycota are placed as sister phyla with 0.51 PP and branch sister to Dikarya 
(Figure 4.10c). Notably, our ST-RF phylogeny is the only phylogeny that resolves 
Entomophthoromycotina as a monophyletic clade (Figure 4.7), albeit with extremely 
weak posterior probability support (0.38 PP). Within Zoopagomycota in our ST-RF 
phylogeny, Entomophthoromycotina branch as the basal clade with 0.51 PP, sister to 
Kickxellomycotina (Figure 4.7). Our ST-RF phylogeny also places Rhizophagus 
irregularis (Glomeromycotina) adjacent to Mortierella elongata (Mortierellomycotina) 
within the Mucoromycota (Figure 4.7). Within Mucoromycota, Mortiellomycotina and 
Mucoromycotina are supported as sister subphyla throughout the majority of our 
phylogenies (e.g. Bayesian supermatrix analysis, Figure 4.4) with high to maximum 
support. Both of these phylum-level topologies are in agreement with Spatafora et al. 
(2016), though their phylogeny does not support a distinctive monophyletic branch 
containing both Zoopagomycota and Mucoromycota (Figure 4.10c). The majority of our 
remaining phylogenomic analysis all show some degree of support for both 
Zoopagomycota and Mucoromycota in relative agreement with Spatafora et al. (2016), 
however in each of these phylogenies there is some conflict in either subphylum-level 
topology or lower BP/PP support due to issues of taxon sampling or low gene tree 
coverage in our dataset (of our 8,110 source phylogenies for MRP analysis over 3,500 
contain seven taxa or less; Figure 4.10). With greater sampling of species from these 
lineages we hope to see more consistent support of both the Zoopagomycota and 
Mucoromycota in future genome phylogenies using these methods, in line with what 
appears to be moderate-to-strong support for the new classification in our analyses based 
on total evidence (Kluge, 1989). 
 
4.3.3 Pezizomycotina as a benchmark for phylogenomic methodologies 
 The Pezizomycotina are by far the most sampled subphylum within the fungal 
kingdom in terms of genome sequencing (375 Pezizomycotina species have genomic data 
available from MycoCosm as of May 2017). Reflecting this, 22 Pezizomycotina species 
representing 7 classes are present in our 84-genome dataset (>25% of our final dataset). 
As a well-represented clade within our dataset at both the subphylum and individual class 
level, we are able to see how multiple phylogenomic analyses conducted in a total 
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evidence approach (Kluge, 1989) are able to resolve a single clade of closely-related 
classes containing some important ecological and pathogenic fungi. In every 
phylogenomic reconstruction we attempted bar average consensus (AV) phylogeny, 
Pezizomycotina were monophyletic with maximum bootstrap or posterior probability 
branch support and every class within Pezizomycotina is monophyletic with high or 
maximum BP or PP support (Figures 4.3–4.5, 4.7–4.9). There is a consistent trend within 
each of these phylogenies in the resolution of relationships between Pezizomycetes 
classes: 
1) The Orbiliomycetes and Pezizomycetes always branch as the basal classes 
within Pezizomycotina, and are always sister taxa (Figures 4.3–4.5, 4.7–4.9). 
2) The relationship between Sordariomycetes and Leotiomycetes (within 
“Sordariomyceta” sensu Schoch et al. (2009)) is always present and is fully 
supported in each phylogeny (Figures 4.3–4.5, 4.7–4.9). 
3) The relationship between Dothideomycetes, Xylonomycetes, and 
Eurotiomycetes (within “Dothideomyceta” sensu Schoch et al. (2009)) is 
always present and is fully supported in each phylogeny (Figures 4.3–4.5, 
4.7–4.9).  
 
Figure 4.11 displays on the left the topology of the Pezizomycotina classes supported 
under ML supermatrix reconstruction, MRP supertree reconstruction and ST-RF 
supertree reconstruction (Figures 4.3, 4.5, 4.7), and indicates the congruence (or 
otherwise) of Pezizomycotina under every phylogenomic analysis we attempted (Figures 
4.3–4.9). All methods bar AV are highly congruent in their resolution of the 
Pezizomycotina subphylum, with placement of the Xylonomycetes class the most notable 
variation. Even within the highly aberrant AV phylogeny, sister relationships such as 
those between Orbiliomycetes and Pezizomycetes or the association of classes within 
Sodariomyceta or Dothideomyceta can still be observed, though with lower resolution 
and support (Figure 4.6). There is a high degree of congruence between our genome 
phylogenies of Pezizomycotina (Figure 4.11) and the most extensive molecular 
phylogenies of Pezizomycotina that we could find in the literature derived from either 
small concatenated sets or whole genomes (Spatafora et al., 2006; Wang et al., 2009; 
Medina, Jones and Fitzpatrick, 2011). The relative consistency of our analyses with both 
each other and with previous literature suggests that the resolution of Pezizomycotina 
could be considered a good benchmark for the accurary of novel or existing 
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phylogenomic methods (e.g. ST-RF analysis) when incorporated into a total evidence 
analysis, as the subphylum is large and diverse (the 10th edition of Ainsworth & Bisby’s 
Dictionary of the Fungi estimates close to 70,000 Pezizomycetes species) but also 
densely-sampled in genomic terms and containing a number of genomes of reference 
quality (Kirk et al., 2008). 
 
 
Figure 4.11. Congruence of Pezizomycotina under 7 phylogenomic methods. Placement 
of classes identical to topology on the left (see text) indicated with a tick, varying 
placement of classes indicated by the first two letters of a class. Average consensus (AV) 
phylogeny produced paraphyletic Pezizomycotina and so entire column labelled with 
crosses. Refer to text for discussion of topology of Pezizomycotina under AV phylogeny. 
Refer to Figures 4.3-4.9 for original phylogenies.
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4.3.4 The use of phylogenomics methods in fungal systematics 
 Phylogenomic analyses with larger datasets across a wider spectrum of taxa are 
becoming more and more computationally tractable as methods of identifying potential 
phylogenetic markers on a genome-wide scale (e.g. identification and reconstruction of 
orthologous gene phylogenies in supertree analysis) and genome-scale reconstruction 
improve. In as much as the majority of our multiple analyses strongly support the major 
phyla of the fungal kingdom, we can also treat our analyses as measures of the accuracy 
of each of these phylogenomic methods in the reconstruction of large datasets. 
Supermatrix, MRP and ST-RF supertree and CV method reconstructions all appear to 
arrive at relatively congruent results, and may be useful for approximating a total 
evidence style approach for phylogenomic analyses of fungi. Simplified parsimony 
methods like our PAM phylogeny or branch length-based methods like our average 
consensus phylogeny may be useful for the reconstruction of smaller but well-represented 
datasets (for example our PAM phylogeny does reconstruct the Pezizomycotina with 
support and topology close to supertree and supermatrix phylogenies) but for phylum or 
kingdom-wide analyses issues such as long-branch attraction begin to emerge (Bergsten, 
2005). Long-branch attraction is thought to be an issue with MRP reconstruction as well, 
and while it is likely a factor in the weaker supports in some of the ancestral branches in 
our MRP phylogeny (for example, the weak supports in some of the internal branches 
grouping the basal phyla together), the MRP phylogeny seems to have been relatively 
immune to the topological effects of long-branch attraction that are very apparent in our 
branch-length dependent average consensus method phylogeny (Pisani and Wilkinson, 
2002). 
For our supertree analyses we identified groups of orthologous proteins using a 
sequential random BLASTp approach as implemented by Fitzpatrick et al. (2006), where 
a random sequence from a given database is searched against that entire database, and 
then the sequence and its homologs (if any) are removed and the database reformatted 
(Fitzpatrick et al., 2006). Overall this ad hoc approach to identifying orthology within 
our dataset seems to have been sufficient as a first step to generating source gene 
phylogenies, however it may have had an impact downstream on resolution of internal 
branches within our MRP analysis. It is possible a random BLASTp approach is too 
conservative, in that the orthologous families it identifies are missing members or that 
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two “separate” orthologous families may in fact be one large orthologous family. Other 
established methods of identifying orthologous families, such as the OrthoMCL pipeline, 
have been used in phylogenomic analyses and can be tuned for granularity (i.e. 
orthologous cluster size) which may produce broader source phylogenies (Li, Stoeckert 
and Roos, 2003). However, the large SQL-dependent computational overheard required 
for the current implementation of OrthoMCL was not considered suitable for an analysis 
of this scale.  
 Most of the phylogenomic methods we attempted are relatively tractable even for 
a dataset as large as ours. Depending on computational resources and available data, some 
of the methods we have discussed may be more appropriate for future fungal 
phylogenomic analyses than others. The most common techniques like MRP analysis and 
both ML and Bayesian supermatrix analysis were both tractable and produced 
phylogenies with largely congruent topologies and supports on most branches (although 
we should note that we utilized the parallelized version of PhyloBayes for our Bayesian 
analysis). The heuristic MCMC Bayesian supertree reconstruction we attempted using 
the ST-RF model as implemented in p4 was also relatively tractable despite not being 
parallelized, and Akanni et al. (2015) note that the method is far more efficient than the 
approximate ML reconstruction implemented in L.U.St. (Akanni et al., 2015). However, 
ST-RF analysis using either p4 or L.U.St. is currently only able to use fully resolved input 
phylogenies. While in our case this meant only 60 single-copy phylogenies (<1% of our 
total dataset) had to be removed before carrying out analysis, this may cause issues for 
more polytomous datasets. Bayesian and ML supertree reconstruction is certainly a 
promising development for phylogenomics, and hopefully methods like ST-RF should 
see more widespread use in future phylogenomic analysis as they mature. 
Phylogenomic reconstruction using average consensus as implemented in 
CLANN was extremely inefficient time-wise and returned a severely erroneous 
phylogeny, so while it is certainly desirable for branch lengths to be incorporated in 
supertree reconstruction, a branch length-based method like AV is not appropriate for this 
kind of large-scale analysis. While PAM method reconstruction was straightforward to 
carry out, as we state above there were issues with erroneous placement of taxa and as 
such we do not recommend the method for large-scale datasets. Finally, composition 
vector method analysis produced a phylogeny relatively congruent to our alignment-
based methods at K = 5. Other CV method analyses have recommended K-values between 
5 and 7 for most datasets (Zuo, Li and Hao, 2014), however with the size of our dataset 
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and the increase in computational resources required for generating distance matrices for 
eukaryotic genomes at K > 5 in CVTree we felt that K = 5 was the best compromise 
between accuracy and computational tractability. We would recommend however that 
CV analysis should be used in conjunction with alignment-based methods for eukaryotic 
datasets, as interpretation of CV analysis requires a priori knowledge of the phylogeny 
of a given dataset. 
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4.4 Conclusions 
Fungi make up one of the major eukaryotic kingdoms, with millions of member 
species inhabiting a diverse variety of ecological niches and an evolutionary history 
dating back over a billion years. It is imperative that evolutionary relationships within the 
fungal kingdom are well-understood by analysis of as much quality phylogenetic data as 
is available with the most accurate methodologies possible. In this chapter, we discussed 
the evolutionary diversity of the fungal kingdom and the important role that fungi have 
had in the area of genomics and phylogenomics. We have reviewed previous 
phylogenomic analyses of the fungal kingdom over the last decade, and using seven 
phylogenomic methods we have reconstructed the phylogeny of 84 fungal species across 
8 fungal phyla. We found that established supermatrix and supertree methods produced 
relatively congruent phylogenies that were in large agreement with the literature. We also 
conducted the first analysis of the fungal kingdom using a heuristic MCMC Bayesian 
approach to supertree reconstruction previously used in Metazoa, and found that this 
novel supertree approach resolves the fungal kingdom with a high degree of accuracy. 
The majority of our analyses overall show moderate-to-strong support of the newly-
assigned zygomycete phyla Mucoromycota and Zoopagomycota and strongly support the 
monophyly of Dikarya, while within the highly-sampled Pezizomycotina subphylum 
there is a large amount of congruence between different phylogenomic methods as to the 
resolution of class relationships within the subphylum. We also conclude that supermatrix 
and supertree analyses remain the exemplar methods of phylogenomic reconstruction for 
fungi, based on their accuracy and computational tractability. We believe through both 
our discussion of the ecological diversity of the fungal kingdom and the history of its 
study on the genomic level we have demonstrated the need for a robust fungal tree of life 
with a broad representation, and that through our multiple phylogenomic analysis we have 
generated an important backbone for future comparative genomic analysis of fungi, 
particularly with the constantly increasing amount of quality genomic data arising from 
the 1000 Fungal Genomes Project and its certain use in future studies. 
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Chapter outline 
The concept of the species “pan-genome”, the union of “core” conserved genes 
and all “accessory” non-conserved genes across all strains of a species, was first proposed 
in prokaryotes to account for intraspecific variability. Species pan-genomes have been 
extensively studied in prokaryotes, but evidence of species pan-genomes has also been 
demonstrated in eukaryotes such as plants and fungi. Using a previously-published 
methodology based on sequence homology and conserved microsynteny in addition to 
bespoke pipelines, we have investigated the pan-genomes of four model fungal species: 
Saccharomyces cerevisiae, Candida albicans, Cryptococcus neoformans var. grubii and 
Aspergillus fumigatus. Between 80-90% of gene models per strain in each of these species 
are core genes that are highly-conserved across all strains of that species, many of which 
are involved in housekeeping and conserved survival processes. In many of these species 
the remaining “accessory” gene models are clustered within subterminal regions and may 
be involved in pathogenesis and antimicrobial resistance. Analysis of the ancestry of 
species core and accessory genomes suggests that fungal pan-genomes evolve by strain-
level innovations such as gene duplication as opposed to wide-scale horizontal gene 
transfer. Our findings lend further supporting evidence to the existence of species pan-
genomes in eukaryote taxa. 
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5.1 Introduction 
Many fields of eukaryote functional and comparative genomics rely on the use of 
curated reference genomes intended to be broadly representative of a given species. 
Regardless of their quality, reference genomes do not and cannot contain all genetic 
information for a species due to genetic and genomic variation between individuals within 
a species (Parfrey, Lahr and Katz, 2008). To account for such variation it has become 
increasingly common to refer to species with multiple genomes sequenced in terms of 
their “pan-genome”, which is defined as the union of all genes observed across all 
isolates/strains of a species (2-4) (Figure 5.1). The pan-genome of a species is then 
usually subdivided into two components: 
• The “core” genome, containing genes conserved across all observed 
genomes from a species. These genes are usually, but not always, essential 
for the viability of an individual organism (Rouli et al., 2015). 
• The “accessory” or “dispensable” genome, containing genes specific to 
sets of isolate genomes or individual isolate genomes within a species. 
These genes could influence phenotypic differences between isolates; for 
example, antibiotic-resistant and antibiotic-susceptible isolates of the 
same species may have different accessory genomes (Rouli et al., 2015). 
A species’ pan-genome can evolve as a consequence of lifestyle: sympatric species may 
have large pan-genomes (and thus a large degree of intraspecific variation), while 
environmentally isolated or highly specialized species have smaller pan-genomes 
(Snipen, Almøy and Ussery, 2009; Lefebure et al., 2010; Diene et al., 2013; Rouli et al., 
2015). The existence of a species pan-genome in prokaryotes was first demonstrated 
across eight pathogenic strains of Streptococcus agalactiae in 2005 (Tettelin et al., 2005), 
and was quickly confirmed by similar analysis of exemplar bacteria and archaea including 
Haemophilus influenzae, Escherichia coli and Sulfolobus islandicus (Young et al., 2006; 
Hogg et al., 2007; Rasko et al., 2008; Reno et al., 2009; Boissy et al., 2011). Over 40 
prokaryote species had their pan-genomes described in the literature by 2013 (Rouli et 
al., 2015). Many tools for pan-genome analysis have been published in recent years, 
which utilize methods such as whole-genome alignment, read mapping, clustering 
algorithms or de Bruijn graph construction (Marcus, Lee and Schatz, 2014; Page et al., 
2015; Song et al., 2015; Chaudhari, Gupta and Dutta, 2016; Jandrasits et al., 2018). 
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Figure 5.1. Seven-set Venn diagram representing a hypothetical species pan-genome. 
Each set represents genes/gene models conserved across strains of a given species. The 
“core” species genome (grey) is defined as the set of all genes/gene models conserved 
across all strains of a species, while the “accessory” genome consists of all genes/gene 
models not universally conserved within a species. 
 
 Although the concept of the species pan-genome is well-established in 
comparative prokaryote genomics, it has only recently been extended to comparative 
intraspecific studies of eukaryotes. This is despite repeated observation of intraspecific 
genomic content variation in eukaryotes dating back to the first intraspecific comparative 
analyses of Saccharomyces cerevisiae genomes in the mid-2000s (Gu et al., 2005; 
Ronald, Tang and Brem, 2006; Wei et al., 2007; Engel and Cherry, 2013). The relative 
dearth of eukaryotic pan-genome analysis in the literature is due in part to the relative 
difficulty of sequencing and analysing large eukaryotic genome datasets relative to 
prokaryotes (Golicz, Batley and Edwards, 2016). Additionally, while horizontal gene 
transfer (HGT) is thought to be the driving influence in prokaryotic gene family and pan-
genome evolution, HGT occurs in far lower rates in eukaryotes and is more difficult to 
detect (Keeling and Palmer, 2008; Lapierre and Gogarten, 2009; Ku and Martin, 2016; 
Martin, 2017; McInerney, McNally and O’Connell, 2017). Despite these challenges, there 
have been a number of recent studies of intraspecific variation within diverse eukaryote 
 
 
 153 
taxa that show strong evidence for the existence of a eukaryotic pan-genome in some 
form. 
Comparative analysis of nine diverse cultivars of Brassica oleracea found that 
~19% of all genes analysed were part of the B. oleracea accessory genome, with ~2% of 
these being cultivar-specific (Golicz et al., 2016). A similar comparison of seven 
geographically diverse wild soybean (Glycine soja) strains found approximately the same 
80:20 proportion of core to accessory gene content within the wild soybean pan-genome, 
while larger accessory genome sizes have been reported in wheat, maize, grasses and 
Medicago (Hirsch et al., 2014; Y. H. Y. F. Li et al., 2014; Gordon et al., 2017; 
Montenegro et al., 2017; Zhou et al., 2017). Individual strains of the coccolitophore 
Emiliania huxleyi have an accessory complement of up to 30% of their total gene content 
which varies with geographical location (Read et al., 2013). In fungi, a number of studies 
of the Saccharomyces cerevisiae pan-genome, including a recent large-scale analysis of 
genome evolution across 1,011 strains, have shown evidence for an accessory genome of 
varying size as well as large variation in subterminal regions across multiple S. cerevisiae 
strains (Dunn et al., 2012; Bergström et al., 2014; Song et al., 2015; Peter et al., 2018), 
and recent analysis of the Zymoseptoria tritici pan-genome found that up to 40% of genes 
in the total Z. tritici pan-genome were either lineage or strain-specific (Plissonneau, 
Hartmann and Croll, 2018).  
The methods of pan-genome evolution within eukaryotes in the absence of 
rampant HGT appears to vary among species and can include genome rearrangement 
events or more discrete adaptive evolution processes. In plants accessory genomes may 
evolve as a result of varying levels of ploidy, heterozygosity and whole-genome 
duplication within species as well as adaptive changes and the evolution of phenotypic 
differences, such as in Brassica oleracea (Golicz et al., 2016). Adaptive evolution has 
also influenced the evolution of the Emiliania huxleyi pan-genome, with strains 
containing varying amounts of nutrient acquisition and metabolism as a result of niche 
specialization (Read et al., 2013). High levels of functionally-redundant accessory 
genome content can be observed within the Z. tritici species pan-genome, which is 
thought to arise from the species’ own genome defence mechanisms inducing 
polymorphisms as opposed to gene duplication events (Plissonneau, Hartmann and Croll, 
2018). Peter et al. (2018) observed a large proportion of accessory genes within S. 
cerevisiae appear to have arose via introgression from closely-related Saccharomyces 
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species, with a smaller number originating from HGT events with other yeasts (Peter et 
al., 2018). 
 We have adapted a method of prokaryotic pan-genome analysis that identifies 
putative pan-genomic structure within species by accounting for conserved genomic 
neighbourhoods (CGNs) between strain genomes and applied it to eukaryote analysis 
(Fouts et al., 2012) (Figure S5.1). We have used this method in tandem with bespoke 
pre- and post-processing pipelines which analyse the extent of gene duplication within 
species pan-genomes (available from 
https://github.com/chmccarthy/pangenome_pipelines) to construct and characterize the 
pan-genomes of four exemplar fungal species; Saccharomyces cerevisiae, Candida 
albicans, Cryptococcus neoformans var. grubii and Aspergillus fumigatus. All four 
species are model organisms in eukaryotic genomics and play important roles in human 
health and lifestyles; S. cerevisiae is used extensively in biotechnology, C. albicans is an 
opportunistic invasive pathogen and the second-most common cause of fungal infection, 
C. neoformans var. grubii is an intracellular pathogen that causes meningitis in 
immunocompromised hosts, and A. fumigatus is an opportunistic respiratory pathogen 
(Goffeau et al., 1996; Jones et al., 2004; Nierman et al., 2005; Cock et al., 2009; Janbon 
et al., 2014). We have found strong evidence for pan-genomic structure within all four 
fungal species. In line with previous analyses of other eukaryotes, we found that 
approximately 80-90% of fungal species’ pan-genomes are composed of core genes while 
the remainder is composed of strain or lineage-specific accessory genes. Analysis of the 
origin of fungal pan-genomes suggests that fungal accessory genomes are enriched for 
genes of eukaryotic origin and arise via eukaryotic innovations such as gene duplication 
as opposed to large-scale HGT. Functionally, fungal core genomes are enriched for both 
housekeeping processes and essential survival processes in pathogenic species, whereas 
many fungal accessory gene models are found within clusters in the terminal and 
subterminal regions of genomes and are enriched for processes that may be implicated in 
fungal pathogenicity or antimicrobial resistance. Our findings complement the increasing 
amount of studies showing evidence for pan-genomic structure in eukaryote species.  
 
 
 155 
5.2 Materials and Methods 
5.2.1 Dataset assembly 
 For each of the four fungal species chosen, we obtained strain genome assemblies 
from the NCBI’s GenBank facility (Table S5.1). Strains were selected based on 
geographic and environmental diversity where possible (Table S5.1). The predicted 
protein set from each species’ reference genome was also obtained from GenBank. For 
each strain genome in each species dataset, translated gene model and gene model 
location prediction was performed using a bespoke prediction pipeline consisting of three 
parts (Figure S5.2a): 
1. Reference proteins were queried against individual strain genomes 
using Exonerate with a heuristic protein2genome search model (Slater 
and Birney, 2005). Translated gene model top-hits whose sequence 
length was ≥50% of the query reference protein’s sequence length 
were considered homologs and included in the strain gene model set. 
The genomic locations of these gene models were included in the 
strain genomic locations dataset. 
2. Ab initio Hidden Markov Model (HMM)-dependent gene model 
prediction was carried out using GeneMark-ES, with self-training and 
a fungal-specific branch point site prediction model enabled (Ter-
Hovhannisyan et al., 2008). Predicted gene models whose genomic 
locations did not overlap with any gene models previously predicted 
via step 1 were included in the strain gene model set. The genomic 
locations of these gene model were also included in the strain genomic 
locations dataset. 
3. Finally, position weight matrix (PWM)-dependent gene model 
prediction was carried out for all remaining non-coding regions of the 
genome using TransDecoder (Haas et al., 2013). For Saccharomyces 
cerevisiae and Candida albicans strain genomes, these gene models 
were additionally screened against a dataset of known “dubious” 
pseudogenes in each species taken from their respective public 
repositories using BLASTp with an e-value cutoff of 10-4   (Camacho 
et al., 2009; Skrzypek et al., 2017). Predicted gene models whose top 
BLASTp hit against a known dubious pseudogene had a sequence 
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coverage of 70% were removed from further processing. All 
remaining predicted gene models with a length of 200 amino acids 
and a coding potential score of 100 or greater as assigned by 
TransDecoder were included in the final strain gene model set. Their 
corresponding genomic locations were also included in the strain 
genomic locations dataset. 
Thus for each strain genome in a species dataset, a gene model set and corresponding 
genomic location set was constructed using two initial independent prediction methods; 
a search for gene models orthologous to the reference protein set and an ab initio 
prediction approach, followed by a “last resort” approach for predicting gene models in 
genomic regions for which gene models had not been previously called. We used this 
approach to ensure consistency in gene models calls between strains and to reduce the 
potential of poor heterogenous gene model calling within each species dataset, which 
would in turn reduce the number of false positives/negatives in our analysis. The 
completeness of each set of predicted gene models was assessed using BUSCO with the 
appropriate BUSCO dataset for each species (Simão et al., 2015) (Table S5.1). For each 
species dataset, all strain genome gene model sets were combined and an all-vs.-all 
BLASTp search was carried out for all predicted gene models using an e-value cutoff of 
10-4. The results of the BLASTp search were used as input for PanOCT along with the 
combined genomic location data for each strain genome in a species dataset (Fouts et al., 
2012). Further information for each species dataset is detailed below. 
 
5.2.1.1 Saccharomyces cerervisiae 
Genomic data for 100 Saccharomyces cerevisiae strains were obtained from the 
NCBI’s GenBank facility. Of these 100 genomes, 99 had previously been included in the 
geographically- and phenotypically-diverse “100-genomes strains” resource for S. 
cerevisiae (Strope et al., 2015). For our analysis, we excluded the 100GS European 
vineyard strain M22 as its lower assembly quality prevented us from carrying out ab initio 
gene model prediction using GeneMark-ES (Ter-Hovhannisyan et al., 2008; Strope et al., 
2015). In its place we included the European commercial winemaking strain Lalvin 
EC118 (Novo et al., 2009). The protein set for the reference S. cerevisiae strain S288C 
was also obtained from GenBank (Goffeau et al., 1996). Construction of the S. cerevisiae 
pan-genome dataset was performed as detailed above, with potentially dubious gene 
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model predictions for each strain genome checked against a dataset of 689 known dubious 
S. cerevisiae gene models obtained from the Saccharomyces Genome Database (SGD) 
(Engel and Cherry, 2013). The completeness of each strain’s gene model dataset was 
assessed using 1,711 S. cerevisiae BUSCOs from the Saccharomycetales dataset; on 
average ~1,677 BUSCOs (~98%) were retrieved as complete gene models in each strain 
(Table S5.1). In total, 576,578 gene models and corresponding unique genomic locations 
were predicted for 100 S. cerevisiae genomes (Table S5.1). 
 
5.2.1.2 Candida albicans 
 Genomic data for 34 Candida albicans strains were obtained from the NCBI’s 
GenBank facility, encompassing predominantly clinical or presumed-clinical strains 
isolated from North America, Europe and the Middle East (Table S5.1). The protein set 
for the reference C. albicans strain SC5314 was also obtained from GenBank (Jones et 
al., 2004). Construction of the C. albicans pan-genome dataset was performed as detailed 
above, with potentially dubious gene model predictions for each genome checked against 
a dataset of 152 known dubious gene models from C. albicans SC5314 obtained from the 
Candida Genome Database (CGD) (Skrzypek et al., 2017). The completeness of each 
strain’s gene model dataset was assessed using 1,711 S. cerevisiae BUSCOs from the 
Saccharomycetales dataset; on average ~1,642 BUSCOs (~96%) were retrieved as 
complete gene models in each strain (Table S5.1). In total, 204,407 gene models and their 
corresponding unique genomic locations were predicted for 34 C. albicans genomes 
(Table S5.1). 
 
5.2.1.3 Cryptococcus neoformans var. grubii 
 Genomic data for 25 Cryptococcus neoformans var. grubii strains was obtained 
from the NCBI’s GenBank facility, encompassing both clinical and wild-type strains 
sampled from North America and Southern African regions (Table S5.1). The protein set 
for the reference C. neoformans var. grubii strain H99 was also obtained from GenBank 
(Janbon et al., 2014). Construction of the C. neoformans var. grubii pan-genome dataset 
was performed as detailed above, with the exception that a check for known dubious gene 
models was not carried out as no such data were available for C. neoformans var. grubii. 
The completeness of each strain’s gene model dataset was assessed using the 1,335 
BUSCOs from the Basidiomycota dataset; on average ~987 BUSCOs (~74%) were 
retrieved as complete gene models in each strain (Table S5.1).  In total, 172,105 gene 
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models and their corresponding genomic locations were predicted for 25 Cryptococcus 
neoformans var. grubii genomes (Table S5.1). 
 
5.2.1.4 Aspergillus fumigatus 
 Genomic data for 12 Aspergillus fumigatus strains were obtained from the NCBI’s 
GenBank facility, including both clinical and wild-type strains isolated from the Northern 
and Southern hemispheres and the International Space Station (Table S5.1). The protein 
set for the reference A. fumigatus strain AF293 was also obtained from GenBank 
(Nierman et al., 2005). Construction of the A. fumigatus pan-genome dataset was 
performed as detailed above, with the exception that a check for known dubious gene 
models was not carried out as no such data was available for A. fumigatus. The 
completeness of each strain’s gene model dataset was assessed using 4,046 Aspergillus 
nidulans BUSCOs from the Eurotiomycetes dataset; on average ~3,410 BUSCOs (~84%) 
were retrieved as complete gene models in each strain (Table S5.1).  In total, 117,230 
putative proteins and their corresponding unique genomic locations were predicted for 12 
A. fumigatus genomes (Table S5.1). 
 
5.2.2 Pan-genome analysis of fungal species 
Analysis of the pan-genomes of the four fungal species in our study was 
performed using the Perl software PanOCT (Fouts et al., 2012). PanOCT is a graph-based 
method that uses both BLAST score ratio (BSR) (Rasko, Myers and Ravel, 2005) and 
conserved gene neighbourhood (CGN) (Deniélou et al., 2011) approaches to establish 
clusters of syntenically-conserved orthologs across multiple genomes for species pan-
genome analysis (Figure S5.1). The use of genomic context in addition to sequence 
similarity in PanOCT allowed us to distinguish between multiple homologous sequences 
within any genome analysed (i.e. paralogs) (Fouts et al., 2012). We used CGN (window 
size = 5, the default value) as our criterion for defining conserved gene evolution between 
strains of fungal species. In the sections below, we refer to gene models containing an 
ortholog from all strains present in a species dataset as “core” gene models (and thus part 
of the “core” genome) and those missing an ortholog from one or more strains as 
“accessory” clusters (and thus part of the “accessory” genome). After removing invalid 
or low-quality BLASTp hits in each species dataset (Table S5.1), the initial core and 
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accessory genomes for each species dataset were constructed using PanOCT with the 
default parameters. 
To assess the influence of duplication and microsynteny loss on fungal pan-
genomes we processed the results of the PanOCT analysis using a multi-step Python/R 
post-processing pipeline. This first step of this pipeline was an iterative search for 
independent syntenic clusters with the potential to be merged based on reciprocal 
sequence similarity. Starting with accessory clusters of size n – 1 (where n is the number 
of strains in a dataset), parallelized all-vs.-all BLASTp searches of all remaining gene 
models from accessory clusters (e = 10-4) were performed, and this output was parsed to 
identify instances where two accessory clusters with no overlapping strain representation 
could be merged into one cluster based on the following criteria: 
1. Each member gene model in a “query” cluster of size m had a reciprocal BLASTp 
strain top-hit with a sufficient number of member gene models in a “subject” 
cluster of size n – m or smaller. 
2. The size of the resulting “merged” cluster was ≤ n. 
This approach attempted to account for loss-of-synteny events such as rearrangements, 
or other artefacts arising from different genome sequencing and assembly methods. 
Merged accessory clusters that now had an orthologous gene model from each strain in a 
dataset (i.e. whose size = n) were recategorized as core clusters, although for this study 
such recategorizations were a rare occurrence. 
The second step of our post-processing pipeline assessed the influence of gene 
duplication on fungal pan-genome evolution by analysing the proportion of accessory 
gene models that were potentially paralogous to the core genome. Gene models from 
accessory clusters were assessed for sequence similarity to core gene models from the 
initial all-vs.-all BLASTp search used as input for PanOCT. If accessory gene models 
were sufficiently similar to every gene model from a given core cluster (e-value cutoff of 
1e-4), then that accessory cluster was classified as being a paralogous cluster or a cluster 
of duplicated core gene models. This approach attempted to account for duplication 
events followed by subsequent gene loss, rearrangement in strains or strain/lineage-
specific expansions of gene families. Using a sequence-based approach of pan-genome 
analysis as opposed to genome alignment or other methods also facilitated the 
downstream application of systematic functional analysis of species pan-genomes; e.g. 
GO-slim enrichment, which are detailed below. We visualized the distribution of syntenic 
orthologs within fungal accessory genomes using the UpSet technique, an alternative to 
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Venn or Euler diagrams, which visualizes intersections of sets and their occurrences using 
a matrix representation (Lex et al., 2014). This technique, implemented in the R package 
UpSetR, allowed us to see the number of shared syntenic orthologs (intersections) across 
different strains (sets) within a species dataset (R Core Team and R Development Core 
Team, 2013; Conway, Lex and Gehlenborg, 2017). Singleton gene models from each 
reference strain genome were functionally characterized by searching against their 
corresponding reference protein set using BLASTp (e = 10-4). Statistics for each 
pangenome dataset is given in Table 5.1 below. 
 
5.2.3 Phylogenomic reconstruction of intraspecific phylogenies  
Phylogenomic reconstruction of intraspecific lineages was carried out for all four 
fungal species using a supermatrix approach. For each fungal pan-genome dataset, all 
core ortholog clusters whose smallest gene model was at least 90% the length of the 
longest gene model were retrieved from the dataset. Each cluster was aligned in MUSCLE 
with the default parameters, and for each cluster alignment phylogenetically-informative 
character sites were extracted using PAUP* (Swofford, 2002; Edgar, 2004). Sampled 
alignments retaining character data were concatenated into a superalignment using 
FASConCAT (Kück and Meusemann, 2010). In total, 
• 4,311 S. cerevisiae core clusters (431,100 gene models) passed the 
minimum sequence length criterion and retained alignment data after 
sampling, and were concatenated into a 100-genome superalignment 
containing 54,860 amino acid (aa) sites. 
• 4,327 C. albicans core clusters (68,904 gene models) retained alignment 
data after sampling, and were concatenated into a 34-genome 
superalignment containing 31,999 aa sites. 
• 4,512 C. neoformans var. grubii core clusters (112,800 gene models) 
retained alignment data after sampling, and were concatenated into a 25-
genome superalignment containing 47,811 aa sites. 
• 5,724 A. fumigatus core clusters (68,904 gene models) retained alignment 
data after sampling for phylogenetically-informative residues, and were 
concatenated into a 12-genome superalignment containing 20,760 aa sites. 
Approximate maximum-likelihood phylogenomic reconstruction was performed for each 
superalignment using FastTree with the default JTT + CAT evolutionary model and 
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Shimodaira-Hasegawa local supports (Price, Dehal and Arkin, 2010). All phylogenomic 
trees were rooted at the midpoint and annotated using the iTOL website (Letunic and 
Bork, 2016) (Figures 5.3-5,6). A binary matrix was generated for the presence/absence 
of all ortholog clusters across all strains within each species accessory genome. Each 
species matrix was mapped onto the corresponding intraspecific supermatrix phylogeny 
and Dollo parsimony analysis was performed on each matrix using Count (Figures 5.3-
5.6) (Farris, 1977; Csurös, 2010). Ortholog gain and loss events were manually annotated 
onto each intraspecific phylogeny. 
 
5.2.4 Functional annotation and GO enrichment analysis of fungal 
species pan-genomes 
 Pfam, InterPro and gene ontology (GO) annotation for all four fungal datasets was 
carried out using InterProScan (Hunter et al., 2012; Jones et al., 2014; Finn et al., 2015; 
Carbon et al., 2017). The total numbers of proteins with at least one annotation per 
database from the original putative protein sets per species is given in Table 5.2. 
Enrichment analysis of GO terms was carried out for the core and accessory complements 
of each species’ pan-genome by mapping all GO terms per species to their species GO-
slim counterparts (or to the general GO-slim term basket for C. neoformans var. grubii) 
and performing a Fischer’s exact test (FET) analysis with parent term propagation and 
false discovery rate (FDR) correction (p < 0.05) for all complements using the Python 
package GOAtools (Table S5.2) (Agresti, 2002; Carbon et al., 2017; Klopfenstein et al., 
2018). FDR correction was applied for all FETs in GOAtools using a p-value distribution 
generated from 500 resampled p-values. 
 
5.2.5 Putative ancestral history of fungal core and accessory genomes 
 The putative evolutionary history of fungal core and accessory genomes was 
analysed by querying all gene models per species against a >5-million protein dataset 
sampled from 1,109 bacterial and 488 archaeal genomes obtained from UniProt, using 
BLASTp with an e-value cutoff of 10-20 (Cotton and McInerney, 2010). Gene models 
were filtered by their ancestral history into three classifications using the following 
criteria: 
• Gene models whose hits were exclusively from bacterial or archaeal sequences 
were classified as “bacterial” or “archaeal” in origin, respectively. 
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• Gene models whose hits contained both bacterial and archaeal sequences were 
classified as “undefined prokaryote” in origin. 
• Gene models which did not hit any protein sequence in the dataset were classified 
as “eukaryotic” in origin (Table S5.3). 
Pearson’s χ2 tests were carried out to determine the significance of prokaryote and 
eukaryote origin frequencies within the complements of each species pan-genome 
(Agresti, 2002) (Table S5.3). 
 
5.2.6 Extent of horizontal gene transfer into fungal accessory genomes 
 The extent of HGT in each fungal accessory genome was assessed by randomly 
selecting representative gene models from each accessory cluster and searching these 
using BLASTp with an e-value cutoff of 1e-20 against a dataset representative of fully 
sequenced prokaryotic and eukaryotic species. This dataset was composed of over 8 
million protein sequences from 1,698 genomes sampled from all three domains of life 
which had been used in previous interdomain HGT analysis (McCarthy and Fitzpatrick, 
2016), as well as all predicted gene models per species dataset. Putative interdomain HGT 
events were identified by locating gene models whose first top hit outside either the 
sequence’s source species or genus was prokaryotic in origin. Putative HGT events 
identified by either filter are given per species in Table S5.3. Putative intrakingdom 
fungal HGT events were identified by filtering the same BLASTp output for gene models 
whose first top hit outside the sequence’s source species was fungal in origin but not from 
the same genus (Table S5.3). 
 
5.2.7 Chromosomal location of core and accessory gene models in 
species reference genomes 
 Pearson’s χ2 tests were carried out for the global frequencies of core and accessory 
gene models along the subterminal regions of chromosomes, which we defined as 
approximately the first and last 10% of each chromosome, in each reference genome 
(Table S5.4). Pearson’s χ2 tests were also carried out for the frequencies of core and 
accessory gene models per chromosome for each reference genome (Table S5.4) 
(Agresti, 2002). The chromosomal locations of core and accessory gene models along 
each reference genome were visualized using the Ruby software PhenoGram (Wolfe et 
al., 2013). 
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5.2.8 Distribution of knockout viability phenotypes in Saccharomyces 
cerevisiae S288C 
 All available knockout phenotype data for S. cerevisiae S288C were obtained 
from the Saccharomyces Genome Database (Giaever and Nislow, 2014). A reciprocal 
BLASTp search was carried out between all 5,815 S. cerevisiae S288C gene models from 
our S. cerevisiae pan-genome dataset and the reference protein set for S. cerevisiae S288C 
with an e-value cutoff of 10-20 to match predicted proteins to orthologs from the reference 
protein set. Knockout phenotype viability data, if available, was then inferred for each of 
our S. cerevisiae S288C gene models that had a reciprocal reference ortholog. Pearson’s 
χ2 tests were carried out for the frequencies of knockout phenotype viability in both the 
core and accessory genomes of S. cerevisiae S288C (Table S5.5). 
 
5.2.9 Distribution of dispensable pathway genes in Saccharomyces 
cerevisiae pan-genome 
 Data for 14 “dispensable pathway” (DP) gene clusters containing 41 genes found 
in S. cerevisiae was taken from a previously published analysis of biotin reacquisition in 
yeast species (Hall and Dietrich, 2007). A total of 38 DP genes were extracted from the 
S. cerevisiae S288C reference protein set, encompassing 13 of the 14 DP clusters. A 
reciprocal BLASTp search was performed between these genes and all 5,815 S. cerevisiae 
S288C gene models from the S. cerevisiae pan-genome dataset with an e-value cutoff of 
10-20 to identify DP genes in our predicted gene model set. All 38 DP genes had a unique 
reciprocal match with a predicted gene model in S. cerevisiae S288C. A binary matrix 
was generated for the presence/absence of syntenic orthologs of DP genes from S. 
cerevisiae S288C in the S. cerevisiae pan-genome dataset (Table S5.5). 
 
5.2.10 Distribution of biosynthetic gene clusters in Aspergillus fumigatus 
pan-genome 
Data for 33 known biosynthetic gene clusters (BGCs) encompassing 307 genes in 
Aspergillus fumigatus Af293 was obtained from a previous analysis of secondary 
metabolism in A. fumigatus (Lind et al., 2018). Aspergillus fumigatus Af293 gene models 
from the A. fumigatus pan-genome dataset were matched to their homologs from the 
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reference gene data set using a reciprocal BLASTp search with an e-value cutoff of 10-
20. A binary matrix was constructed for the presence/absence of syntenic orthologs of the 
307 putative BGC genes from A. fumigatus Af293 within the A. fumigatus pan-genome 
dataset (Table S5.5).  
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5.3 Results 
 
Figure 5.2. Pan-genomes of four fungal species. A: Saccharomyces cerevisiae, B: 
Candida albicans, C: Cryptococcus neoformans var. grubii, D: Aspergillus fumigatus. 
Ring charts represent the total number of gene models in pan-genome complements 
expressed as a proportion of total pan-genome size. Section in dark-red with unlabelled 
percentage represents duplicated core gene models in accessory genome. 
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Table 5.1. Pan-genomes of four fungal species. GMs: gene models. Duplicated core gene 
models and clusters in accessory genome given in parentheses. 
Species Strains 
Core genome Accessory genome Pan-genome 
GMs Clusters GMs Clusters GMs Clusters 
Saccharomyces 
cerevisiae 
100 490,000 4,900 
85,940 
(27,511) 
2,850 
(776) 
575,940 7,750 
Candida 
albicans 
34 184,688 5,432 
19,098 
(7,312) 
1,893 
(1,013) 
203,786 7,325 
Cryptococcus 
neoformans 
25 137,150 5,486 
33,091 
(9,974) 
2,698 
(776) 
170,241 8,193 
Aspergillus 
fumigatus 
12 96,876 8,073 
19,435 
(8,127) 
3,002 
(1,170) 
116,311 11,075 
 
Table 5.2. Number of gene models in our four fungal pan-genomes datasets with at least 
one annotation term per annotation type. Percentage of annotated gene models relative to 
pan-genomes datasets in parentheses 
Species Pfam InterPro GO 
Saccharomyces cerevisiae 468,511 (81%) 455,582 (79%) 312,161 (54%) 
Candida albicans 161,235 (79%) 155,271 (76%) 105,694 (52%) 
Cryptococcus neoformans 111,305 (65%) 106,655 (63%) 72,243 (42%) 
Aspergillus fumigatus 83,239 (71%) 79,231 (68%) 54,457 (46%) 
 
 
5.3.1 Analysis of the Saccharomyces cerevisiae pan-genome 
Overall, 575,940 gene models were predicted across all 100 S. cerevisiae strains 
with an average of 5,759 gene models predicted per strain (Table 5.1, Table S5.1). These 
575,940 gene models were distributed across 7,750 unique syntenic ortholog clusters 
(Table 5.1). The core S. cerevisiae genome contained 4,900 gene models which were 
conserved across 100 S. cerevisiae strains (490,000 gene models in total, 85% of the total 
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species pan-genome). For individual strain genomes, this corresponded to between 83% 
to 90% of their total predicted gene model content (Figure 5.2a, Table S5.1). The 
remaining 85,940 predicted gene models were accessory gene models, distributed across 
2,850 clusters, with strain accessory genome sizes ranging from 518 to 967 gene models 
per S. cerevisiae strain (average size = ~859 gene models). Further analysis of the S. 
cerevisiae species accessory genome identified that ~32% of accessory gene models (776 
clusters, 4.77% of the total species pan-genome) were duplicates of core gene models 
conserved across one or more strains. This corresponded to an average of 275 gene 
models per S. cerevisiae strain, and 27,511 gene models in total (Table 5.1, Table S5.1). 
Overall, 455 syntenic clusters (encompassing 45,045 accessory gene models) were 
missing a syntenic ortholog in only one other strain and 1,416 accessory gene models 
were singletons. Analysis of the distribution of orthologs within the S. cerevisiae 
accessory genome using the R package UpSetR showed that the most frequent sets are 
singleton gene models or syntenic clusters missing a syntenic ortholog in one strain, with 
YPS163 having the most singleton genes (74 in total) (Figure S5.3). Other strains (e.g. 
YJM1477) lacked singleton gene models altogether (Figure 5.3). There were 13,756 gene 
models (from 1,935 syntenic clusters) which did not have a syntenic ortholog in S. 
cerevisiae S288C. Of these non-reference gene models, 1,385 were singleton gene 
models found only in one strain. The widest-distributed non-reference gene model was 
present in 93 strains and there was no accessory gene model solely missing from S. 
cerevisiae S288C. YPS163 had the smallest accessory genome of the 100 yeast strains 
(518 gene models) and YJM271 had the largest (967 gene models) (Figure 5.3). 
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Figure 5.3. Approximate maximum-likelihood supermatrix phylogeny of 
Saccharomyces cerevisiae pan-genome dataset based on 4,311 core ortholog clusters. S. 
cerevisiae populations as assigned by Strope et al. (2015), clinical strains designated by 
red branches. Numbers below branches refer to Shimodaira-Hasegawa local supports, 
maximum supports indicated by an asterisk (*). Dollo parsimony analysis of gene model 
gain/loss events annotated above branches in green and orange, respectively. 
 
Phylogenomic reconstruction of all 100 S. cerevisiae strains resolved two major 
groups; a clade containing strains and mosaics derived from Malaysian, West African, 
North American and sake populations and a clade containing strains and mosaics derived 
from wine/European populations (Figure 5.3). Each of the non-mosaic populations as 
assigned by Strope et al. (2015) present in the dataset (except the singleton Malaysian 
strain YJM1447) resolved to a monophyletic geographical group (Strope et al., 2015); 
the placement of the mosaic laboratory strain SK-1 in a West African clade is consistent 
with its West African origin (Warringer et al., 2011), and the clinical mosaic strain 
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YJM1311 was of predominantly wine/European ancestry hence its placement at the base 
of the wine/European clade (Strope et al., 2015) (Figure 5.3). Many of the remaining 
mosaic strains branched close to non-mosaic clades which shared their dominant 
population fraction as determined by Strope et al. (2015); for example, many of the 
clinical mosaic strains placed adjacent to the sake clade had predominantly sake 
population ancestry (Strope et al., 2015) (Figure 5.3). Three strains (YJM248, YJM1252, 
YJM1078) identified by Strope et al. (2015) as having an higher relative proportion of 
introgressed genes than other S. cerevisiae strains (potentially arising from recent 
hybridization with Saccharomyces paradoxus) formed a monophyletic branch within the 
previously described wine/European clade (Strope et al., 2015). 
 
5.3.2 Analysis of the Candida albicans pan-genome 
 A total of 203,786 gene models were predicted across all 34 C. albicans strain 
genomes, with an average of 5,993 gene models predicted per strain, distributed across 
7,325 unique syntenic ortholog clusters (Table 5.1, Table S5.1). The core C. albicans 
genome contained 5,432 gene models which were conserved across 34 C. albicans strains 
(184,688 in total, 90% of the total species pan-genome). This corresponded to between 
89% and 91% of the total predicted gene models for each strain genome (Figure 5.2b, 
Table S5.1). The remaining 19,098 predicted gene models were accessory gene models, 
distributed across 1,893 clusters, with strain accessory genome sizes ranging from 487 to 
622 gene models per C. albicans strain (average size = ~561 gene models) (Table 5.1, 
Table S5.1). Further analysis of the C. albicans species accessory genome identified that 
~38% of accessory gene models (1,013 clusters, ~3.59% of the total species pan-genome) 
were duplicates of core gene models conserved across one or more strains. This 
corresponded to an average of 215 gene models per C. albicans strain, and 7,312 gene 
models in total (Table 5.1, Table S5.1). Of the 19,098 C. albicans accessory gene models 
identified, 3,624 accessory gene models (from 268 syntenic clusters) were missing a 
syntenic ortholog in only one other strain while 928 gene models were singletons. UpSet 
analysis of the distribution of orthologs within the C. albicans accessory genome showed 
that 1,056 gene models (32 syntenic clusters) from 33 C. albicans strains were missing 
an ortholog in C. albicans WO-1 and C. albicans 3153A had 53 putative gene models 
with no ortholog in any other strain (Figure S5.4). SC5314 had the smallest number of 
singleton gene models (nine in total). C. albicans A48 had the largest accessory genome 
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(622 gene models) and C. albicans Ca6 had the smallest (487 gene models) (Figure 5.4). 
Phylogenomic reconstruction of all 34 C. albicans strains resolved two main groups when 
rooted at the midpoint; one containing the exemplar MTL-homozygous strain WO-1 and 
a ladderized group containing the reference strain SC5314 (Figure 5.4). 
 
 
Figure 5.4. Approximate maximum-likelihood supermatrix phylogeny of Candida 
albicans pan-genome dataset based on 4,327 core ortholog clusters. Numbers below 
branches refer to Shimodaira-Hasegawa local supports, maximum supports indicated by 
an asterisk (*). Dollo parsimony analysis of gene model gain/loss events annotated above 
branches in green and orange, respectively. 
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5.3.3 Analysis of the Cryptococcus neoformans var. grubii pan-genome 
 A total of 170,241 gene models were predicted across all 25 C. neoformans var. 
grubii strain genomes, with an average of 6,809 gene models predicted per strain, 
distributed across 8,193 unique syntenic ortholog clusters (Table 5.1, Table S5.1). The 
core C. neoformans var. grubii genome contained 5,486 gene models which were 
conserved across 25 C. neoformans var. grubii strains (137,150 in total, 80% of the total 
species pan-genome). This corresponded to between 76% and 85% of the total predicted 
gene models for each strain genome (Figure 5.2c, Table S5.1). The remaining 33,091 
predicted gene models were accessory gene models distributed across 2,698 clusters, with 
strain accessory genome sizes ranging from 964 to 1654 gene models per C. neoformans 
var. grubii strain (average size = ~1,334 gene models) (Table S5.1). Detailed analysis of 
the C. neoformans var. grubii species accessory genome identified that ~29% of 
accessory gene models (776 clusters, ~5.8% of the total species pan-genome) were 
duplicates of core gene models conserved across one or more strains. This corresponded 
to an average of ~391 gene models per C. neoformans var. grubii strain, and 9,794 gene 
models in total (Table 5.1, Table S5.1). Overall 674 C. neoformans var. grubii clusters 
(encompassing 16,032 accessory gene models) were missing a syntenic ortholog in only 
one other strain and 668 accessory gene models were singletons. UpSet analysis of the 
distribution of orthologs within the C. neoformans var. grubii accessory genome showed 
that 3,600 gene models (150 syntenic clusters) from 24 C. neoformans var. grubii strains 
were missing an ortholog in C. neoformans var. grubii MWRSA852, whereas the C. 
neoformans var. grubii A1358 genome had 49 putative gene models with no ortholog in 
any other strain (Figure S5.5). KN99 had no singleton gene models, but it should be 
noted that that strain is an isogenic derivative of the reference H99 strain. C. neoformans 
var. grubii H99 itself had the largest accessory genome (1590 gene models) and C. 
neoformans var. grubii MW-RSA852 had the smallest (964 gene models) (Figure 5.5). 
The most frequent sets found in the accessory genome include both singleton genes and 
clusters missing orthologs from one or two strains. Phylogenomic reconstruction of all 
25 strains using a 47,811-site amino acid supermatrix derived from the core C. 
neoformans var. grubii genome resolved two monophyletic groups when rooted at the 
midpoint (Figure 5.5). 
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Figure 5.5. Approximate maximum-likelihood supermatrix phylogeny of Cryptococcus 
neoformans var. grubii pan-genome dataset based on 4,512 core ortholog clusters. 
Numbers below branches refer to Shimodaira-Hasegawa local supports, maximum 
supports indicated by an asterisk (*). Dollo parsimony analysis of gene model gain/loss 
events annotated above branches in green and orange, respectively. 
 
5.3.4 Analysis of the Aspergillus fumigatus pan-genome 
 A total of 116,311 gene models were predicted across all 12 A. fumigatus strain 
genomes, distributed across 11,075 unique syntenic ortholog clusters, with an average of 
9,692 gene models predicted per strain. The core A. fumigatus genome contained 8,073 
core gene models which are conserved across 12 A. fumigatus strains (96,876 in total, 
83% of the total species pan-genome). This corresponded to between 80% and 86% of 
the total predicted gene models for each strain genome (Figure 5.2d, Table S5.1). The 
remaining 19,435 predicted gene models were accessory gene models distributed across 
3,002 clusters, with strain accessory genome sizes ranging from 1,294 to 1,964 gene 
models per A. fumigatus strain (average size = ~1,619 gene models) (Table S5.1). 
Detailed analysis of the A. fumigatus species accessory genome identified that ~41% of 
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accessory gene models (1,170 clusters, ~6.9% of the total species pan-genome) were 
duplicates of core gene models that were conserved across one or more strains. This 
corresponded to an average of 677 gene models per A. fumigatus strain, and 8127 gene 
models in total. Overall, 7,953 gene models (from 958 syntenic clusters) were missing a 
syntenic ortholog in only one other strain whereas 723 gene models were singletons. 
 UpSet analysis of the ortholog distribution in the A. fumigatus accessory genome 
found that 2,167 gene models (197 syntenic clusters) from 11 A. fumigatus strains were 
missing an ortholog in A. fumigatus IFISWF4 and the reference A. fumigatus Af293 
genome has 150 putative gene models with no ortholog in any other strain (Figure S5.6). 
The latter may be due to a lower degree of strain sampling within the A. fumigatus dataset 
or the reference genome having a higher-quality assembly than other strains of A. 
fumigatus. IFISWF4 has the smallest number of singleton gene models (nine in total). A. 
fumigatus Af293 has the largest accessory genome (1,964 gene models) and A. fumigatus 
HMRAF706 has the smallest (1,294 gene models) (Figure S5.6). Phylogenomic 
reconstruction of all 12 strains using a 20,760-site amino acid supermatrix derived from 
the core A. fumigatus genome resolved two monophyletic groups when rooted at the 
midpoint, one containing both International Space Station strains and A. fumigatus Af10 
and one containing all three environmental strains as well as A. fumigatus Af293 and 
Af210 (Figure 5.6). The placement of the two ISS strains as well as the aforementioned 
individual clinical strains is in relative agreement with the most extensive intraspecific A. 
fumigatus phylogeny published (Knox et al., 2016). 
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Figure 5.6. Approximate maximum-likelihood supermatrix phylogeny of Aspergillus 
fumigatus pan-genome dataset based on 5,724 core ortholog clusters. Numbers below 
branches refer to Shimodaira-Hasegawa local supports, maximum supports indicated by 
an asterisk (*). Dollo parsimony analysis of gene model gain/loss events annotated above 
branches in green and orange, respectively. 
 
5.3.5 Functional analyses of fungal species pan-genomes 
5.3.5.1 Gene ontology enrichment in fungal core and accessory genomes 
 Analysis of the distribution of GO terms in fungal core genomes shows that many 
housekeeping biological processes such as translation, nucleic acid metabolism and 
oligopeptide metabolism are significantly over-represented in each species (p < 0.05) 
(Table S5.2). Furthermore, molecular function terms for enzymatic and nucleic acid 
binding activity are also significantly over-represented (Table S5.2). In fungal accessory 
genomes terms relating to transport and localization of proteins, carbohydrate metabolism 
as well as protein modification and carboxyl acid metabolism are significantly over-
represented in many species (Table S5.2). Terms relating to housekeeping processes are 
significantly under-represented in fungal accessory genomes compared to core genomes. 
There are no common or synonymous cellular component or molecular function terms 
that are significantly under-represented across all four fungal accessory genomes in our 
analysis. However, terms relating to the functions of intracellular membrane-bound 
organelles are significantly over-represented in the accessory genomes of both C. 
neoformans var. grubii and A. fumigatus (Table S5.2). 
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Many broad and granular housekeeping terms relating to nucleic acid and protein 
biological processes are significantly over-represented within the core genome of S. 
cerevisiae (Table S5.2). In addition to transport processes, genes potentially involved in 
vitamin metabolism and protein dephosphorylation are significantly over-represented 
within the core genome of S. cerevisiae. Similar terms are also significantly over-
represented within the core genome of C. albicans (Table S5.2). The C. neoformans var. 
grubii core genome is significantly over-represented in some unique terms involved in 
regulation of homeostasis and biological quality, functional pathways such as the 
unfolded protein response (UPR) pathway as well as signal transduction (Table S5.2). 
There are fewer terms that are significantly over-represented within the C. neoformans 
var. grubii accessory genome than in the other fungal accessory genomes in this study. 
Those terms that are significantly over-represented in the C. neoformans var. grubii 
accessory genome are also found elsewhere; e.g. transport. The core A. fumigatus genome 
is significantly over-represented in terms related to small molecule biosynthesis and other 
biosynthetic processes (Table S5.2). Within the A. fumigatus core genome terms relating 
to vesicle-mediated transport and carboxylic acid metabolism are significantly over-
represented, these terms are also significantly over-represented in the S. cerevisiae core 
genome. 
 
5.3.5.2 Ancestral origin of fungal core and accessory genomes 
 The ancestral origin of fungal core and accessory genomes was inferred via 
BLASTp searches (1e-20) of fungal gene models against >5 million prokaryotic sequences 
from >1,500 bacterial and archaeal genomes. Gene models which had hits with 
prokaryotic sequences exclusively were classified as having originated within the 
prokaryotes (broken down further by prokaryotic domain in Table S5.3), and gene 
models that lacked a BLASTp hit against the prokaryotic database were classified as 
having originated within the eukaryotes. Using these criteria, for each fungal pan-genome 
dataset between 69-77% of all gene models were inferred as eukaryotic in origin. Similar 
proportions of gene models inferred as having originated within eukaryotes were also 
observed in fungal core genomes. Higher proportions of gene models with a putative 
origin within eukaryotes was observed in fungal accessory genomes (74-81% of all 
accessory gene models in each species). Statistical analysis of the ancestral history of 
each fungal species pan-genome found that each fungal accessory genome was 
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significantly enriched for genes of eukaryotic origin and each fungal core genome was 
significantly enriched for genes of prokaryotic origin (p < 0.05) (Table S5.3). 
 
5.3.5.3 Interdomain and intrakingdom HGT into fungal accessory genomes 
Systematic screening for interdomain HGT events in each fungal accessory 
genome revealed small numbers of putative HGT events from prokaryote sources per 
species, ranging from a single event in the C. albicans accessory genome to 11 events in 
the A. fumigatus accessory genome (Table S5.3). The distribution of these putative HGT 
genes in fungal accessory genomes varies from strain-unique singleton genes 
(particularly in S. cerevisiae) to more widely-distributed genes (as seen in C. neoformans 
and A. fumigatus) (Table S5.3). The majority of potential prokaryote donors are soil-
dwelling bacteria, such as Clostridium pasteurianum (a donor to the A. fumigatus 
accessory genome) and Acinetobacter pittii (a donor to the S. cerevisiae accessory 
genome). We then applied a similar screen for recent HGT from other fungal species, 
which suggested up to 8% of fungal accessory genomes may have arisen via intrakingdom 
HGT. The largest extent of such intradomain HGT appeared to have occurred into the 
accessory genomes of C. neoformans and A. fumigatus (420 and 391 potential events, 
respectively) (Table S5.3). In each accessory genome, putative HGT-derived gene 
models appear to have been transferred mainly from closely-related species or species 
that share similar niches. For example, A. fumigatus is a potential donor of three C. 
albicans accessory gene models (Table S5.3). However, further comprehensive 
investigations are required to confidently confirm that these HGT events are bona fide. 
 
5.3.5.4 Chromosomal location of core and accessory genomes in fungal reference 
genomes 
 Between 17-21% of all predicted gene models for each fungal reference strain lie 
in the subterminal regions of that strain’s genome. Approximately 15% of all core gene 
models in both S. cerevisiae S288C and C. neoformans var. grubii H99 are found in their 
subterminal regions, whereas this proportion is higher in C. albicans SC5314 and A. 
fumigatus Af293 (~21% and ~18% of all core gene models, respectively). Candida 
albicans SC5314 has a lower proportion of accessory gene models (115 of 594 gene 
models, ~19% of its total accessory genome) found in subterminal regions than the other 
three fungal species, where that proportion is ~28-33% of their total accessory genomes. 
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There is a statistically-significant bias (p < 0.05) towards accessory gene models in the 
subterminal regions of Saccharomyces cerevisiae S288c, Cryptococcus neoformans var. 
grubii H99 and Aspergillus fumigatus Af293 with a corresponding bias (p < 0.05) towards 
core gene models in the non-subterminal regions of each genome (Table S5.4). In 
contrast, there is no significant pattern in the distribution of accessory gene models in C. 
albicans SC5314, and instead its subterminal regions are significantly enriched for core 
gene models (p < 0.05) (Table S5.4). Statistical analysis of core and accessory gene 
model enrichment per chromosome in each reference genome found that at least one 
chromosome was significantly enriched for core gene models and another chromosome 
was significantly enriched for accessory gene models per genome (p < 0.05) (Table S5.4). 
The number of chromosomes per genome that were significantly biased towards either 
core or accessory gene models ranged from two in C. albicans SC5314 (chromosomes 2 
and 7) to six in S. cerevisiae S288C (chromosomes I-III, VI, VIII and XIII) (Table S5.4).  
Visualizing chromosomal plots showed that clustering of accessory genes mostly 
occurred in subterminal regions of fungal genomes (Figures S5.7a-d). There are some 
exceptions: some chromosomes in Saccharomyces cerevisiae S288c, Cryptococcus 
neoformans var. grubii H99 and Aspergillus fumigatus Af293 had at least one larger 
accessory gene cluster closer to the chromosomal midpoint (Figures S5.7a, c-d). In 
contrast, there appeared to be no major clustering of accessory genes in any chromosome 
in Candida albicans SC5314 (Figure S5.7b). 
 
5.3.5.5 Knockout viability of core and accessory genes in Saccharomyces cerevisiae 
S288C 
 A total of 5,343 predicted S. cerevisiae S288C gene models from the species pan-
genome dataset, encompassing 4,730 core gene models and 613 accessory gene models, 
were assigned their reference homolog’s corresponding knockout viability phenotype. 
The remaining 472 predicted gene models from S. cerevisiae S288C did not have a 
knockout viability phenotype assigned to them, either due to the lack of a unique 
reciprocal BLASTp hit or a lack of viability data for the reference homolog (Table S5.5). 
Those S. cerevisiae S288C gene models that had knockout phenotype data were 
predominantly knockout-viable; ~79% of annotated core gene models and ~88% of 
annotated accessory gene models had a reciprocal reference homolog with a viable 
knockout phenotype (Table S5.5). There was no significant bias in the distribution of 
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knockout viability within the core S. cerevisiae S288C genome; i.e. the core genome was 
enriched for neither knockout-viable or knockout-inviable gene models (of those which 
had knockout phenotype data available) (Table S5.5). The S. cerevisiae S288C accessory 
genome however was over-represented with for knockout-viable gene models (p < 0.05) 
(Table S5.5). 
 
5.3.5.6 Dispensable pathway gene clusters in the Saccharomyceres cerevisiae pan-
genome 
All 38 reference DP genes had a unique reciprocal homolog within the set of 
predicted S. cerevisiae S288C gene models taken from our pan-genome dataset (Table 
S5.5). One of the 13 reference DP clusters was syntentically-conserved within all strains 
in the S. cerevisiae pan-genome dataset; a three-member GAL cluster involved in 
galactose utilization. Some clusters are widely-conserved within the dataset, but are 
missing a member gene in a small number of strains; these include a three-member BIO 
cluster that mediates biotin uptake, a SNO1-SNZ1 vitamin B6 metabolism cluster and a 
large six-member DAL-DCG cluster that enables utilization of allantoin as a nitrogen 
source (Table S5.5). Other clusters had more patchy distribution within the species pan-
genome, most notably a three-member ARR gene cluster which confers arsenic resistance 
was missing a member gene (ARR3) in 49 out of 100 strains (Table S5.5). Some clusters, 
such as a four-member FIT/FRE iron uptake cluster, are completely missing in a small 
number of strains (Table S5.5). 
 
5.3.5.7 Biosynthetic gene clusters in the Aspergillus fumigatus pan-genome 
 A total of 307 known biosynthetic genes from 33 BGCs in A. fumigatus Af293 
had a unique reciprocal homolog within the set of predicted A. fumigatus Af293 gene 
models from the A. fumigatus pan-genome (Lind et al., 2018). A total of 240 of the 307 
known biosynthetic genes were core genes found in all 12 A. fumigatus strains, none of 
which were unique to A. fumigatus Af293 alone (Table S5.5). There were 14 A. fumigatus 
BGCs that were completely conserved (i.e. all genes within that cluster are core genes), 
which included known mycotoxin-producing BGCs such as fumagillin and gliotoxin 
clusters (Table S5.5). Other BGCs were found to have one or two genes missing, 
potentially due to synteny loss or pseudogenization. Some BGCs showed far more 
variable distribution within the A. fumigatus pan-genome; for example, a polyketide 
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synthase (PKS) cluster was wholly conserved in 4 strains (Af293, Z5, HMRAF270 and 
JCM10253) and absent or translocated in the other 8, and a fusarielin-like cluster was 
completely absent from A1163 and only partially present in some strains but was wholly 
conserved in others (Table S5.5). 
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5.4 Discussion 
5.4.1 Applying genomic context in eukaryotic pan-genome analysis 
To investigate pan-genomic structure within four fungal species, we adapted a 
method previously used in bacterial pan-genome analysis and implemented in PanOCT 
(Pan-genome Ortholog Clustering Tool) (Fouts et al., 2012). Our rationale for using this 
method to construct species pan-genomes was that it allowed us to investigate 
intraspecific variability on a gene-to-gene level, as opposed to defining core and 
accessory genomes based on families of related gene models (e.g. a “core” gene family 
may be present in all strains of a species, but the number of genes belonging to that family 
will usually vary between strains). This allowed us to see which genes and biological 
functions are relatively conserved in their distribution and which have varying expansion 
and distribution in fungal species. A similar approach was used in a previous analysis of 
genome variation in Saccharomyces species, but was limited to assessing syntenic 
conservation of reference homologs using immediately-adjacent genes (Bergström et al., 
2014). To ensure consistency between strain genomes in each of our datasets we 
constructed a custom gene model prediction pipeline which used three different predictive 
methods to generate a unique set of predicted gene models and their genomic locations 
(i.e. no isoforms) per strain genome (Figure S5.2a) (Slater and Birney, 2005; Ter-
Hovhannisyan et al., 2008; Haas et al., 2013). As our definition of what constitutes a 
“core” or “accessory” gene model is quite stringent compared to other pan-genome 
analyses, we also developed a post-processing pipeline which attempted to account for 
loss of microsynteny between fungal strain genomes and to also examine the extent of 
duplication of core genome content within fungal accessory genomes. 
 
5.4.2 The pan-genomes of four model fungi 
 We chose to investigate the potential pan-genomic structure of four model fungal 
species; Saccharomyces cerevisiae, Candida albicans, Cryptococcus neoformans var. 
grubii and Aspergillus fumigatus. In addition to their impact on human lifestyle each 
species chosen is a model organism for fungal evolutionary biology, genomics and 
comparative genomics. Saccharomyces cerevisiae was the first eukaryote to have its 
genome sequenced, and the other three species each had their genome sequenced during 
the initial wave of fungal genomics research in the early-to-mid 2000s (Goffeau et al., 
1996; Jones et al., 2004; Nierman et al., 2005; Cock et al., 2009; Janbon et al., 2014; 
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McCarthy and Fitzpatrick, 2017a). Our selection covers fungal species with different 
genomic characteristics; S. cerevisiae has undergone ancestral whole-genome duplication 
and C. albicans has an alternative genetic code (Santos and Tuite, 1995; Wolfe, 2015), 
whereas Cr. neoformans and A. fumigatus are more intron-dense than either S. cerevisiae 
or C. albicans and extensive alternative splicing occurs in Cryptococcus species (Stajich, 
Dietrich and Roy, 2007; Gonzalez-Hilarion et al., 2016). Our selection also covers fungal 
species with different evolutionary histories. S. cerevisiae, C. albicans and A. fumigatus 
are members of the Ascomycota phylum of fungi; the former two are closely-related 
members of the Saccharomycotina subphylum which includes many typical commensal 
and pathogenic yeasts that reproduce by budding while A. fumigatus is a member of the 
large Pezizomycotina subphylum of filamentous fungi (McCarthy and Fitzpatrick, 
2017a). Cryptococcus neoformans var. grubii superficially resembles many yeast species 
and also replicates by budding, but is a member of the Basidiomycota phylum and is more 
closely related to multicellular fungi within the Agaricomycotina subphylum than other 
yeast species (McCarthy and Fitzpatrick, 2017a). Genome assemblies available on 
GenBank for each species at the time of writing range from 12 for A. fumigatus to >400 
for S. cerevisiae (Peter et al., 2018). 
Our species pan-genome for Saccharomyces cerevisiae was constructed using 
genomic data from 100 strains, 99 of which were previously included in the “100-
genomes strains” (100GS) resource (Table S5.1) (Strope et al., 2015). The resource 
includes 7 S. cerevisiae genomes sequenced prior to 2015 and 93 S. cerevisiae genomes 
sequenced de novo by the 100GS authors, taken from diverse genotypic and phenotypic 
backgrounds (populations referred to henceforth are as assigned by the 100GS authors 
after Liti et al. (2009)) (Liti et al., 2009; Strope et al., 2015). The resource covers strains 
from laboratory, biotech, clinical and wild populations, which makes it an excellent 
dataset for carrying out S. cerevisiae population genomics and pan-genomics studies of 
this kind. In their analysis, the 100GS authors screened S. cerevisiae strains for 
aneuploidy, introgressed genes, phenotypically-relevant single-nucleotide 
polymorphisms and non-reference genomic content (Strope et al., 2015). The 100GS 
authors also assessed levels of resistance to environmental stresses such as sulphite and 
copper resistance, as well as fungicides such as ketoconazole (Strope et al., 2015). 
A more recent study of 1,011 S. cerevisiae genomes included an analysis of the 
pan-genome of S. cerevisiae in which the authors of that study detected non-reference 
genomic content by aligning strain genomes to the S288C genome using BLASTn and 
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extracting and annotating unique non-reference genes using an integrative multi-method 
procedure (Yue et al., 2017; Peter et al., 2018). Notably, despite a ten-fold difference in 
the number of input strains and different methods of identifying core and accessory 
genome content both their study (4,940 core genes) and our own (4,900 core gene models) 
predict a similar-sized core S. cerevisiae genome (Peter et al., 2018). The 1,011-genome 
study predicted an almost identical accessory genome to our analysis also; they identified 
2,856 accessory genes with varying distribution across 1,011 genomes (Peter et al., 2018), 
whereas we identified an accessory genome of 2,850 genes for our pangenome dataset. 
These 1,011-genome study also observed a number of evolutionary and functional trends 
within the S. cerevisiae accessory genome; accessory genes were clustered within the 
subterminal regions of S. cerevisiae genomes and some accessory genes may have 
originated via HGT from divergent yeast species or other fungi (Peter et al., 2018). We 
observe similar trends in our analysis of the S. cerevisiae accessory genome. 
For the remaining three species, we constructed species pan-genome datasets 
based on strain genome assemblies that were available from GenBank at the start of our 
analyses. For each of these datasets, we attempted to sample strain genomes with as many 
diverse characteristics (e.g. geographical location, phenotype) as was possible with the 
genome assembly data available. Although there are a smaller number of strains sampled 
for these species pan-genomes, the sizes of these species’ core and accessory genomes 
are in line with our analysis of S. cerevisiae as well as larger analyses of species pan-
genomes in fungi and other taxa. The Candida albicans species pan-genome dataset was 
constructed using data from 34 strains, predominantly clinical in origin, including both 
homozygous and heterozygous MTL mating-type strains (Table S5.1) (Lockhart et al., 
2002). A substantial amount of genome assembly data available for C. albicans comes 
from strains isolated in hospitals; of the 34 strains in our dataset, 14 strains were clinical 
isolates from the US alone (Table S5.1). A number of other strains were isolated from 
European and Middle East sources, but for 13 strains no information was available on the 
isolate source for the genome from GenBank. Perhaps as a consequence of a lower degree 
of environmental diversity due to sampling primarily clinical strains, the C. albicans pan-
genome has the smallest proportion of accessory gene content of the four species analysed 
in this study (~9% of the entire species pan-genome). The C. albicans pan-genome also 
has the lowest degree of variation in accessory genome size between individual strains of 
the four species analysed (Figure 5.2b, Figure 5.4). The UpSet distribution of the C. 
albicans accessory genome illustrates this lower degree of variability within the C. 
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albicans pan-genome, as the most frequent sets are either singleton clusters or clusters 
that are missing an ortholog from one strain (Figure S5.4). Despite this caveat however, 
the C. albicans pan-genome otherwise exhibits many of the same functional and 
evolutionary trends seen in the other three species we have investigated (as detailed 
below). With a broader sampling of strains found outside of a clinical context, a more 
accurate picture of the size of the C. albicans accessory genome will be attained. 
In contrast to C. albicans, both our Cryptococcus neoformans var. grubii and 
Aspergillus fumigatus pan-genome datasets were constructed using a diverse array of 
strain genomes taken from both clinical and wild environments. The C. neoformans var. 
grubii pan-genome dataset was constructed using clinical strain genomes isolated 
predominantly from HIV+ patients from the US and Botswana predominantly and wild-
type strains sampled from Southern Africa sources (Table S5.1). C. neoformans var. 
grubii has the largest proportion of accessory genes of the four species analysed (~20% 
of the entire species pan-genome). As C. neoformans is an intracellular pathogen in 
humans, it has to adapt to extreme variations in environmental stresses in order to survive. 
This is thought to lead to the high level of genomic rearrangement and instability seen in 
C. neoformans (Fraser et al., 2005). It is possible that this in turn creates more novel 
genetic content, which may explain the higher level of accessory genome content seen in 
C. neoformans var. grubii. Genomic instability as a result of pathogenic lifestyle fuelling 
pan-genome evolution has previously been observed in the wheat pathogen Zymoseptoria 
tritici (Plissonneau, Hartmann and Croll, 2018). The A. fumigatus pan-genome dataset 
was constructed using 12 strain genomes sampled from clinical environments in the UK, 
US and Canada, wild-type samples taken from China and from South American forest 
floors, and two strains isolated from surfaces within the International Space Station (Knox 
et al., 2016) (Table S5.1), Approximately 15% of the A. fumigatus pan-genome is made 
up of accessory gene content, which is predominantly clustered in the subterminal regions 
of chromosomes (discussed below).  There is a greater degree of variation in the accessory 
genome sizes of individual A. fumigatus strains than in the other species analysed, we 
believe that this is primarily an artefact of the smaller number of genomes in our dataset 
(at the time of writing our A. fumigatus dataset includes almost all strain genomes 
available as assembly data on GenBank).  
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5.4.3 Broad trends across fungal pan-genomes 
5.4.3.1 Fungal core and accessory genomes enriched for potential infection and 
survival processes 
 Between 65-81% of gene models per species pan-genome had at least one Pfam 
domain, while the proportion of gene models with GO data was between 42-54% per 
species (Table 5.2). This variation is primarily down to a lack of human annotation for 
some species, and for C. neoformans var. grubii in particular the lack of a dedicated GO-
slim dataset. This can be seen in our statistical analyses of the distribution of GO terms 
in individual species pan-genomes; S. cerevisiae currently has a far more detailed array 
of ontological terms than A. fumigatus for example (Table S5.2). In spite of gaps in 
ontological data for some of our species of interest, there are a number of patterns we can 
observe across multiple species in our GO analyses of fungal core and accessory genomes 
as well as unique patterns of enrichment in some species. Many housekeeping terms such 
as translation, nucleic acid metabolism and oligopeptide metabolism are statistically over-
represented in each fungal core genome we have analysed (p < 0.05) (Table S5.2). There 
is an over-representation of similar cellular component terms in each of the three “yeast” 
core genomes (i.e. all excluding A. fumigatus) (Table S5.2). This may reflect the 
morphological distinctions between these three species and A. fumigatus, however the 
lack of dedicated annotation data for C. neoformans var. grubii makes a definitive 
observation difficult. Terms relating to transport, localization and Crazy processes are 
statistically over-represented in fungal accessory genomes (Table S5.2). In part this is to 
be expected, as many fungi have varying numbers of copies of genes involved in Crazy 
and transport processes (Wisecaver, Slot and Rokas, 2014). Terms relating to 
housekeeping processes are statistically under-represented in fungal accessory genomes, 
which may be due to potential gene dosage effects. The similar patterns of statistical over-
representation for terms relating to intracellular membrane-bound organelles in the 
accessory genomes of C. neoformans var. grubii and A. fumigatus may reflect infection 
or in-host survival processes for both pathogenic species (Table S5.2). Both the C. 
albicans core and accessory species genome share similarly over-represented terms to 
their S. cerevisiae counterparts, a reflection of the two species’ relatively close 
evolutionary relationship (Table S5.2). 
 Many of the terms that are over-represented in the C. neoformans var. grubii core 
genome may reflect the species’ lifestyle as an intracellular pathogen (Table S5.2). Such 
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terms include regulation of homeostasis and biological quality (e.g. cell mass), which are 
vital for C. neoformans var. grubii to survive the plethora of environmental stresses it 
encounters in the host. Similarly, unfolded protein response (UPR) is an over-represented 
molecular function in the C. neoformans var. grubii core genome; the UPR pathway is 
known to influence thermoregulation in C. neoformans var. grubii particularly during the 
initial infection period (Cheon et al., 2014). Another over-represented term in the C. 
neoformans var. grubii core genome is signal transduction; many signal transduction 
pathways in C. neoformans var. grubii play an important role in cell differentiation as 
well as pathogenicity (Table S5.2) (Lengeler et al., 2000). The core A. fumigatus genome 
is enriched for small molecule biosynthesis and other biosynthetic processes, which 
concurs with previous comparative studies of Aspergillus species (Khaldi et al., 2010; 
Andersen et al., 2013) (Table S5.2). This also appears to agree with our findings of 
biosynthetic gene cluster conservation within the A. fumigatus species pan-genome 
(Table S5.5). Both transport and localization processes are over-represented within the 
A. fumigatus accessory genome, which may have an indirect role in the infection 
processes of A. fumigatus. Aspergillus fumigatus strain pathogenesis may therefore be 
influenced by accessory genome evolution, particularly within subterminal regions 
(McDonagh et al., 2008). 
 
5.4.3.2 The fungal core genome is more ancient in origin than the fungal accessory 
genome 
 Our statistical analysis of the ancestral history of each fungal species pan-genome 
found that gene models of eukaryotic origin are statistically over-represented within 
fungal accessory genomes, while gene models of prokaryotic origin are statistically over-
represented in fungal core genomes (p < 0.05) (Table S5.3). In other words, genes of 
prokaryotic origin appear to be more likely to be syntenically-conserved and universally-
retained within these fungal species (Table S5.3). This appears consistent with the 
observation that prokaryote-derived genes in Saccharomyces cerevisiae are essential for 
survival (Cotton and McInerney, 2010). On the other hand, it appears that the accessory 
genome contains more genes which arose at some point during the evolution of 
eukaryotes and which may be more likely to be variably-retained or lost within strains of 
fungal species (Table S5.3). This would concur with our analysis of the gains and losses 
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of syntenic orthologs in fungal accessory genomes, which are largely mediated at the 
strain level. 
 
5.4.3.3 Horizontal gene transfer may only play a limited role in fungal pan-genome 
evolution 
 Given the extent of HGT in prokaryotes and its role in generating novel genetic 
content and in the evolution of prokaryotic gene families, it is likely that HGT plays a 
significant role in prokaryote pan-genome evolution. HGT in eukaryotes is known to be 
far less frequent than in prokaryotes however, so its impact on eukaryotic pan-genome 
evolution may be limited. We examined the extent of horizontal gene transfer into fungal 
accessory genomes from two potential sources of novel genetic content: prokaryotic 
species and other species within the fungal kingdom. A screen for interdomain HGT 
events in each fungal accessory genome following previous methodology (Richards et 
al., 2011; McCarthy and Fitzpatrick, 2016), revealed low numbers of putative HGT 
events from prokaryote sources into fungal accessory genomes per species  (Table S5.3). 
Gene transfer between prokaryotes and eukaryotes is a subject of some controversy, with 
different studies suggesting that interdomain HGT is alternately non-existent or a rare but 
real occurrence (Marcet-Houben and Gabaldón, 2010; Ku and Martin, 2016; Martin, 
2017). Regardless, from our analysis it appears that interdomain HGT is not an 
influencing factor on accessory genome evolution (and hence, pan-genome evolution) 
within fungi. We then applied a similar screen for HGT from other fungal species into 
fungal accessory genomes, and found that up to 8% of fungal accessory genomes may be 
derived from intrakingdom HGT. There are caveats to consider when interpreting this 
finding however; although some of these events may be genuine incidences of HGT it is 
equally plausible that these genes have undergone pseudogenization or have otherwise 
lost synteny in one or more strains/lineages. That the majority of potential donor species 
are close relatives in each analysis we performed may in part suggest this; for example 
96 of the 102 putative HGT events into the S. cerevisiae accessory genome have a 
potential donor from the species in the same phylum (Saccharomycotina) and 379 of the 
392 putative HGT events into the A. fumigatus accessory genome suggest transfer from 
other species in the Pezizomycotina subphylum (132 from Penicillium species alone) 
(Table S5.3). Although there appears to be greater evidence for intrakingdom HGT 
having a role to play in fungal accessory genome evolution than interdomain HGT, it is 
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our opinion that a dedicated analysis of intrakingdom HGT in fungal accessory genomes 
using robust phylogenetic methods is required to test the true role of intrakingdom HGT 
in fungal pan-genome evolution. 
 
5.4.3.4 Eukaryotic processes such as gene duplication may influence fungal pan-
genome evolution 
Between 29-41% of genes contained within fungal accessory genomes appear to 
be duplicates of core gene models that have undergone subsequent loss in some strains, 
possibly by pseudogenization, microsynteny loss, or expansion in other strains (Table 
5.1, Table S5.1). Cryptococcus neoformans var. grubii has the smallest proportion of 
these duplicated core gene models (and consequently, the highest proportion of accessory 
gene models that have potentially arisen via other processes) and A. fumigatus has the 
largest (Table S5.1). This accounts for between 3-7% of the total size of fungal 
pangenomes, with the smallest proportion in C. albicans and the largest in A. fumigatus 
(Figure 5.2, Table S5.1). These results appear to indicate that gene duplication, which is 
the driving factor of gene family expansion in eukaryotes, does play an important role in 
the evolution of fungal accessory genomes (and pan-genomes as a whole) (Lynch and 
Conery, 2000; Treangen and Rocha, 2011). The larger proportion of duplicated core 
genes in A. fumigatus appears to reflect the greater extent of gene duplication and paralog 
diversity within that species relative to C. neoformans var. grubii and S. cerevisiae (Yang, 
Hulse and Cai, 2012).  Preliminary annotation of these gene models shows that many 
have putative or known functions in transport and outer membrane processes, which are 
processes that are often mediated by expanded gene families in fungi.  
Mapping the presence or absence of syntenic orthologs within fungal accessory 
genomes finds that for each species the majority of syntenic ortholog loss events, through 
chromosomal rearrangement or gene loss, or the gain of new genes has occurred within 
strains as opposed to more ancestral branches (Figures 5.3-5.6). We searched each set of 
singleton gene models from each reference genome against the reference protein set to 
assess the putative function(s) of some of these strain-unique genes. Many singleton gene 
models are homologous to membrane proteins, DNA/RNA-binding or transposition-
related genes (e.g. gag/pol retrotransposons in S. cerevisiae, DDE1 transposases in A. 
fumigatus), which are usually independently expanded or redistributed within individual 
fungal genomes (Liti et al., 2009; Perez-Nadales et al., 2014). Between 30-60% of 
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singleton gene models within each species pan-genome dataset had at least one Pfam 
domain, a lower proportion than that seen in each species dataset (65-81%) as a whole, 
which may be another artefact of gaps in human annotation (Table S5.2). Closely-related 
strains of many species also appear to have similar accessory genome sizes (e.g. many 
clades within the S. cerevisiae 100GS dataset, the reduced sizes of both C. neoformans 
var. grubii C45 and MW-RSA852 relative to most other strains) (Figures 5.3-5.5). There 
is greater variation in the sizes of strain accessory genomes in A. fumigatus, however this 
may be an artefact of taxon sampling (Figure S5.6). Saccharomyces cerevisiae S288C 
itself had 31 singleton gene models not found in any other S. cerevisiae strain. By 
comparison, the 100GS authors located 108 genes present in ≥1 strains but not in S288C 
and 28 genes unique to S288C (Strope et al., 2015). In total, these analyses suggest that 
fungal pan-genomes evolve by innovations originating within fungi on the strain level, 
such as gene duplication or rearrangement, as opposed to being influenced by factors such 
as HGT from prokaryotic sources or larger species-level events. 
 
5.4.3.5 Subterminal regions of fungal genomes may be harbours of accessory genome 
content 
 Analysis of the global distribution of core and accessory gene models shows that 
there is a statistically-significant bias towards accessory gene models in the subterminal 
regions within three of the four reference genomes in our study and a statistically-
significant bias towards core gene models outside these subterminal regions in the same 
genomes (p < 0.05) (Figures S5.7a, c-d, Table S5.4). The sole exception is C. albicans 
SC5314, wherein there is a statistically-significant bias for core gene models within 
subterminal regions (p < 0.05) (Figure S5.7b, Table S5.4). The subterminal regions of 
chromosomes are usually areas of genomic instability in eukaryotes, so it is unsurprising 
that we observe greater breakdown of synteny in these regions (Fedorova et al., 2008). 
Terminal and subterminal regions of chromosomes (i.e. telomeres and subtelomeric 
regions) are also known hotspots of recombination in fungi, which can lead to the 
evolution of novel genetic content, and in some fungi such recombinatory hotspots are 
potentially enriched for secreted proteins (Croll et al., 2015). All fungal reference 
genomes possess at least one chromosome that is enriched for accessory gene models; 
these chromosomes may have undergone recombination or translocation events that lead 
to the breakdown of synteny or the eventual evolution of novel genes (Table S5.4). Such 
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translocation events are known to have occurred within some strains of S. cerevisiae and 
A. fumigatus in particular (Colson, Delneri and Oliver, 2004; Fraser et al., 2005; Fedorova 
et al., 2008; Schmidt et al., 2010). In some reference genomes such as A. fumigatus Af293 
large clusters of accessory genome content can be observed outside the subterminal 
regions, which may reflect instances of strain- or lineage-specific genomic rearrangement 
events (Figure S5.7). Such rearrangements are linked to environmental adaptation and 
reproductive isolation in S. cerevisiae genomes (Hou et al., 2014). In C. neoformans var. 
grubii, the greater degree of accessory genome content found outside subterminal regions 
may be a reflection of the role that genomic rearrangement plays in shaping the genomes 
of individual strains within the host (Fraser et al., 2005). 
 
5.4.3.6 Fungal core and accessory genomes encompass various biological pathways 
and phenotypes 
 Due to its position as arguably the most complete fungal model organism, there is 
a wealth of manually-annotated functional data available for Saccharomyces cerevisiae 
that is lacking for other species. One such collection is the systematic mutation set 
available from the SGD, which includes amongst other datasets a systematically-
constructed genome-wide set of deletion phenotypes for many different strains of S. 
cerevisiae (Engel and Cherry, 2013; Giaever and Nislow, 2014). Using reciprocal 
BLASTp searches against the reference protein set as well as data from the systematic 
mutation set, we inferred the knockout viability of the core and accessory genomes of S. 
cerevisiae S288C. We found that the core S. cerevisiae S288C genome is not significantly 
over-represented for either knockout-viable or knockout-inviable genes (Table S5.5). 
This may reflect the fact less than 20% of the genes encoded in the S. cerevisiae S288C 
genome are thought to be essential for growth and thus likely knockout-inviable (Giaever 
et al., 2002). It is worth observing however that 962 of the 1,031 predicted gene models 
with an inviable knockout phenotype are within the core S. cerevisiae genome (Table 
S5.5). In contrast, there is a significant proportion of gene models within the S. cerevisiae 
S288C accessory genome that are associated with a viable knockout phenotype (p < 0.05), 
which appears to reinforce the more variable nature of species accessory genomes relative 
to core genomes (Table S5.5). 
 Unlike filamentous fungi such as Aspergillus species, many yeasts lack 
biosynthetic gene clusters (BGCs). Somewhat analogous to BGCs in S. cerevisiae are 
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small “dispensable pathway” (DP) gene clusters of functionally-related genes, which 
have been lost in other Saccharomyces and related species but were later regained in S. 
cerevisiae via HGT or neofunctionalization (Hall and Dietrich, 2007). Hall and Dietrich 
(2007) previously described 14 such clusters, encompassing 38 reference and another 
three non-reference genes, which are involved in many different metabolic processes 
(Hall and Dietrich, 2007). Our analysis of the distribution of 38 reference DP genes within 
the S. cerevisiae pan-genome found one DP cluster which appears to be completely 
conserved in the pan-genome; a cluster on chromosome II containing three GAL genes 
which mediates the degradation of galactose to galactose-1-phosphate within the 
glycolysis pathway (Slot and Rokas, 2010) (Table S5.5). Other clusters were highly 
conserved across almost all strains but not universally-conserved in our dataset, i.e. a 
small number of strains. Such highly-conserved clusters include two clusters involved in 
the metabolism of B vitamins; a three-gene BIO biotin uptake cluster on chromosome 
XIV and a SNO1-SNZ1 vitamin B6 metabolism cluster on chromosome XIII (Table S5.5) 
(Hall and Dietrich, 2007). Another highly-conserved six-gene DAL-DCG cluster found 
on chromosome IX, the largest DP cluster, allows S. cerevisiae to use allantonin as its 
sole nitrogen source through a pathway in which allantonin is converted to urea which is 
then converted into ammonium by DUR1-2 (Naseeb and Delneri, 2012). A SAM4-SAM3 
cluster that enables the usage of S-adenosylmethionine as a sulphur source which has one 
of the two member genes missing in four strains (and is entirely absent in YJM969) 
(Table S5.5). It is possible that some strains may simply be missing a syntenic ortholog 
of one or more genes in a cluster due to pseudogenization or synteny loss due to 
chromosomal rearrangement. 
Other DP clusters have more patchy distribution within the S. cerevisiae species 
pan-genome, particularly those within subterminal regions in S. cerevisiae S288C, which 
may indicate a greater breakdown of synteny or gene loss within these clusters. For some 
clusters this may be due to functional redundancy; for example three DP clusters are 
involved in vitamin B1 and B6 metabolism, the aforementioned SNO1-SNZ1 cluster is 
conserved across almost all 100 strains whereas the other two clusters have patchier 
distribution or are totally missing in some strains (e.g. in the Indonesian strain YJM1244, 
two clusters are completely-conserved but the other is absent) (Table S5.5). Other 
potential causes for this varying distribution of DP clusters may include environmental 
adaptations. One DP cluster which confers arsenic resistance is prevalent in many 
wine/European strains, but has much patchier conservation in non-European strains or 
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strains with Malaysian or West African ancestry (such as SK1). One member gene of this 
cluster, ARR3, is absent in 49 out of the 100 strains in our dataset including many mosaic 
strains with wine/European and Malaysian ancestry. Increased arsenic resistance has been 
observed in strains of European ancestry, likely as a result of anthropogenic influence on 
soil composition, which may explain the ARR cluster’s absence in some non-European 
strains (Warringer et al., 2011; Bergström et al., 2014). Additionally, the ARR cluster is 
located in the subterminal regions of chromosome XVI in S. cerevisiae S228C; this 
suggests gene loss or chromosomal rearrangements amongst other events may be 
responsible for the absence of ARR3 in the ARR cluster of many strains (Maciaszczyk et 
al., 2004; Bergström et al., 2014). 
 Within the aspergilli and other fungi, functionally-related genes involved in 
secondary metabolism pathways are often arranged into BGCs within the subterminal 
regions of chromosomes. These BGCs are involved in a range of infection and survival 
processes in the aspergilli, and subterminal regions themselves are believed to mediate 
the infection process of A. fumigatus in the human host (Keller, Turner and Bennett, 2005; 
Fedorova et al., 2008; McDonagh et al., 2008; Andersen et al., 2013). Our analysis of 
known BGCs in the A. fumigatus pan-genome found 14 BGCs that were completely 
conserved, a number of which are involved in the production of mycotoxins. Other BGCs 
have one or two syntenic orthologs that are missing in other strains, in these cases the 
majority of these genes may play more indirect roles in cluster function and therefore be 
less likely to be conserved within clusters, while some are only partially present or 
completely absent in some strains but are highly-conserved in others (Table S5.5). An 
analysis of variation of A. fumigatus BGCs using short-read data by Lind et al. (2017) 
found similar patterns of BGC variation to our gene-level functional analysis (Lind et al., 
2017). Lind et al. (2017) observed some trends which explain the variation in BGCs 
within A. fumigatus in both their analysis and ours; for example a fusarielin-like cluster 
we identified as missing from A1163 and partially present in other strains has gained 
pseudogenizing mutations in some strains but not others, whereas variation in other 
accessory BGCs is due to factors such as transposable elements (as is the case in a 27-
member PKS cluster) or lineage-specific gene acquisition/loss events (Lind et al., 2017). 
This suggests that some BGCs are invariably conserved due to the importance of their 
function (such as gliotoxins), while others may be lost in particular strains due to 
environmental adaptations or other factors. 
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5.4.4 Other remarks 
 Compared to the volume of software designed to construct and characterize 
bacterial and archaeal pan-genomes, few dedicated pan-genome software exists for 
eukaryote taxa. Our overall method of analysis, bespoke gene model prediction followed 
by pan-genome construction using PanOCT as the anchor method, is ad hoc but may 
point towards a sufficiently-optimized syntenic method of pan-genome construction for 
eukaryotes in the future. On this point, it is worth noting that PanOCT’s current 
implementation has an exponential memory usage curve per genome added, which makes 
analysis of prokaryotic or eukaryotic datasets of this scale difficult without dedicated 
high-performance computational facilities (Fouts et al., 2012). The relative lack of GO 
information for some fungal species (e.g. Cryptococcus neoformans var. grubii, which 
currently lacks a dedicated GO-slim dataset) may have affected our functional 
characterization of fungal pan-genomes. We attempted to ameliorate this lack of data by 
using other sources of genomic information (e.g. knockout data from SGD for S. 
cerevisiae), though their efficacy is ultimately dependent on human annotation. One 
caveat of large-scale pan-genome analysis of this kind may be the usage of genomes 
assembled via a reference-based approach as opposed to de novo approaches, which may 
then lead to an underestimation of accessory genome sizes within species pan-genomes 
due to underestimation of sequence diversity or inheritance of assembly artefacts from 
the reference genome (Ekblom and Wolf, 2014). The majority of genomes used for each 
species dataset were assembled using de novo approaches, for example the 100GS dataset 
is predominantly de novo sequenced strains, so the potential effects of overreliance on 
reference-based assembly data may have been reduced in our study (Strope et al., 2015). 
The size of a species pan-genome and its complements are ultimately dependent 
on the amount and the geographical or phenotypical variety of genomic data sampled. 
Methodological differences notwithstanding, our 100-strain analysis of the S. cerevisiae 
pan-genome and the 1,011-strain analysis by Peter et al. (2018) predict similar-sized pan-
genomes (Peter et al., 2018). In contrast, our construction of the C. albicans pan-genome 
likely underestimates the true size of the C. albicans accessory genome due to a lack of 
non-clinical genomic data. The greater variation of accessory genome sizes between 
individual strains of C. neoformans var. grubii and A. fumigatus may be an artefact of 
there being fewer strain genomes available for both species, which would in turn affect 
the sizes of those species’ pan-genomes. There have been attempts to estimate the “true” 
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size of bacterial pan-genomes from existing data using different mathematical models, 
which vary from inferring almost infinite pan-genomes which increase in size with each 
strain added to stricter models which infer a more finite structure for most bacterial 
species (Tettelin et al., 2005; Hogg et al., 2007; Snipen, Almøy and Ussery, 2009). Future 
analysis of fungal species pan-genomes should attempt to quantify their true size of using 
similar methods. 
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5.5 Conclusions 
 Evidence for the existence of pan-genomic structure has been demonstrated in 
eukaryotic taxa using a variety of methodologies. Using computational methods based on 
sequence similarity and conserved synteny between strains, we have constructed and 
characterized species pan-genomes for four model fungi; Saccharomyces cerevisiae, 
Candida albicans, Cryptococcus neoformans var. grubii and Aspergillus fumigatus. 
Defining “core” genomes as containing gene models syntenically-conserved throughout 
species and “accessory” genomes as containing gene models of varying syntenic 
conversation and distribution throughout species, we find strong evidence for pan-
genomic structure within fungi. Between 80-90% of all potential gene models in fungal 
species are core gene models, with the remainder being accessory gene models that are 
strain-specific or specific to individual groups of strains. Fungal core genomes are 
enriched for genes of ancient origin and facilitate many essential metabolic, regulatory 
and survival processes in both commensal and pathogenic species. Fungal accessory 
genomes are enriched for genes of more recent origin, appear to evolve and vary in size 
by processes like gene duplication and gain/loss events within strains, and are enriched 
for genes involved in molecule transport and carbohydrate metabolism amongst other 
functions. Our analysis supports the growing amount of evidence for pan-genomic 
structure in eukaryotes. 
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Chapter outline 
Although the pan-genome concept originated in prokaryote genomics, an 
increasing number of eukaryote species pan-genomes have also been analyzed. However, 
there is a relative lack of software intended for eukaryote pan-genome analysis compared 
to that available for prokaryotes. In a previous study, we analyzed the pan-genomes of 
four model fungi with a computational pipeline which constructed pan-genomes using 
the synteny-dependent PanOCT approach. Here, we present a modified and improved 
version of that pipeline which we have called Pangloss. Pangloss can perform gene 
prediction for a set of genomes from a given species that the user provides, constructs and 
optionally refines a species pan-genome from that set using PanOCT and can perform 
various functional characterization and visualization analyses of species pan-genome 
data. To demonstrate Pangloss’s capabilities, we constructed and analyzed a species pan-
genome for the oleaginous yeast Yarrowia lipolytica and also reconstructed a previously-
published species pan-genome for the opportunistic respiratory pathogen Aspergillus 
fumigatus. Pangloss is available from http://github.com/chmccarthy/Pangloss.  
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6.1 Introduction 
Species pan-genomes have been extensively studied in prokaryotes, where pan-
genome evolution is primarily driven by rampant horizontal gene transfer (HGT) (Medini 
et al., 2005; Tettelin et al., 2005; Rouli et al., 2015; Vernikos et al., 2015). Pan-genome 
evolution in prokaryotes can also vary substantially as a result of lifestyle and 
environmental factors; opportunistic pathogens such as Pseudomonas aeruginosa have 
large “open” pan-genomes with large proportions of accessory genes, whereas obligate 
intracellular parasites such as Chlamydia species have smaller “closed” pan-genomes 
with larger proportions of conserved core genes and a smaller pool of novel genetic 
content (Lefebure et al., 2010; Rouli et al., 2015; Mosquera-Rendón et al., 2016; Sigalova 
et al., 2018). Studies of pan-genome evolution within eukaryotes has not been as 
extensive as that of prokaryotes to date, as eukaryote genomes are generally more difficult 
to sequence and assemble in large numbers relative to prokaryote genomes. However, 
consistent evidence for pan-genomic structure within eukaryotes has been demonstrated 
in plant, fungal and planktonic species (Read et al., 2013; Golicz et al., 2016; Peter et al., 
2018; Plissonneau, Hartmann and Croll, 2018; McCarthy and Fitzpatrick, 2019a). Unlike 
prokaryote pan-genomes, eukaryote pan-genomes evolve via a variety of processes 
besides HGT – these include variations in ploidy and heterozygosity within plants (Golicz 
et al., 2016), and cases of introgression, gene duplication and repeat-induced point 
mutation in some fungi (Peter et al., 2018; Plissonneau, Hartmann and Croll, 2018; 
McCarthy and Fitzpatrick, 2019a). 
The majority of software and pipelines available for pan-genome analysis are 
explicitly or implicitly intended for prokaryote datasets. For example, the commonly-
cited pipeline Roary is intended for use with genomic location data generated by the 
prokaryote genome annotation software Prokka (Seemann, 2014; Page et al., 2015). A 
number of other methodologies such as seq-seq-pan or SplitMEM use genome alignment 
or de Bruijn graph-based approaches for pan-genome construction which are usually 
computationally impracticable for eukaryote analysis (Marcus, Lee and Schatz, 2014; 
Jandrasits et al., 2018). Other common pan-genome approaches, such as LS-BSR or the 
MCL/MultiParanoid-dependent PGAP, may have potential application in eukaryote pan-
genome analysis but as of writing no such application has occurred (Enright, Van Dongen 
and Ouzounis, 2002; Alexeyenko et al., 2006; Zhao et al., 2012; Sahl et al., 2014). Of the 
eukaryote pan-genome analyses in the literature, some construct pan-genomes by 
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mapping and aligning sequence reads using pipelines such as EUPAN (Read et al., 2013; 
Golicz et al., 2016; Hu et al., 2017), or have constructed and characterized eukaryote pan-
genomes using bespoke BLAST-dependent or clustering algorithm-dependent sequence 
clustering approaches (Read et al., 2013; Peter et al., 2018; Plissonneau, Hartmann and 
Croll, 2018). In a previous article, we constructed and analyzed the species pan-genomes 
of four model fungi including Saccharomyces cerevisiae using the synteny-based 
PanOCT method in addition to our own prediction and analysis pipelines (Fouts et al., 
2012; McCarthy and Fitzpatrick, 2019a). PanOCT was initially developed for prokaryote 
pan-genome analysis, and constructs a pan-genome from a given dataset by clustering 
homologous sequences from different input genomes together into clusters of syntenic 
orthologs based on a measurement of local syntenic conservation between these 
sequences, referred to as a conserved gene neighbourhood (CGN) score, and BLAST 
score ratio (BSR) assessment of sequence similarity (Rasko, Myers and Ravel, 2005; 
Fouts et al., 2012). Crucially, this synteny-based approach allows PanOCT to distinguish 
between paralogous sequences within the same genome when assessing orthologous 
sequences between genomes (McCarthy and Fitzpatrick, 2019a). 
Here, we present a refined and improved version of our PanOCT-based pan-
genome analysis pipeline which we have called Pangloss. Pangloss incorporates 
reference-based and ab initio gene model prediction methods, and synteny-based pan-
genome construction using PanOCT with an optional refinement based on reciprocal 
sequence similarity between clusters of syntenic orthologs. Pangloss can also perform a 
number of downstream characterization analyses of eukaryote pan-genomes, including 
GO-slim term enrichment in core and accessory genomes, selection analyses in core and 
accessory genomes and visualization of pan-genomic data. To demonstrate the pipeline’s 
capabilities we have constructed and analysed a species pan-genome for the oleaginous 
yeast Yarrowia lipolytica using Pangloss (Dujon et al., 2004). Y. lipolytica is one of the 
earliest-diverging yeasts and has seen various applications as a non-conventional yeast 
model for protein secretion, regulation of dimorphism and lipid accumulation, and is a 
potential alternative source for biofuels and other oleochemicals (Nicaud, 2012; 
Friedlander et al., 2016; Shen et al., 2016; Zeng et al., 2016; Adrio, 2017; Qiao et al., 
2017; O’Brien et al., 2018). We have also reconstructed the species pan-genome of the 
opportunistic respiratory pathogen Aspergillus fumigatus from a previous study as a 
control (McCarthy and Fitzpatrick, 2019a). Pangloss is implemented primarily in Python 
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and R, and is freely available under an open source GPLv3 licence from 
http://github.com/chmccarthy/Pangloss. 
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6.2 Materials and Methods 
6.2.1 Implementation 
Pangloss is predominantly written in Python with some R and Perl components, 
and is compatible with macOS and Linux operating systems. Pangloss performs a series 
of gene prediction, gene annotation and functional analyses to characterize the pan-
genomes of microbial eukaryotes. These analyses can be enabled by the user by invoking 
their corresponding flags on the command line, and many of the parameters of these 
analyses are controlled by Pangloss using a INI-like configuration file. The various 
dependencies for eukaryote pan-genome analysis using Pangloss are given in Table 6.1 
and the workflow of the pipeline is given in Figure 6.1, both are described in greater 
detail below (Robert C. Edgar, 2004; Slater and Birney, 2005; Yang, 2007; Ter-
Hovhannisyan et al., 2008; Camacho et al., 2009; Cock et al., 2009; Wickham, 2011; 
Haas et al., 2013; Jones et al., 2014; Obenchain et al., 2015; Simão et al., 2015; Conway, 
Lex and Gehlenborg, 2017; Gel and Serra, 2017; Klopfenstein et al., 2018). Further 
installation instructions for all dependencies of Pangloss are available from 
http://github.com/chmccarthy/Pangloss/. 
 
Figure 6.1. Workflow of Pangloss. Optional analyses represented with dotted borders. 
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Table 6.1. List of various dependencies for Pangloss. See 
http://github.com/chmccarthy/Pangloss/ for installation instructions for each dependency. 
Dependencies Function 
Python*, BioPython (Cock et al., 2009) Base environment for Pangloss. 
Exonerate (Slater and Birney, 2005), GeneMark-
ES (Ter-Hovhannisyan et al., 2008), 
TransDecoder (Haas et al., 2013) 
Gene model prediction. 
BLAST+ (Camacho et al., 2009) All-vs.-all sequence similarity search, dubious 
gene similarity search. 
BUSCO (Simão et al., 2015) Gene model set completedness analysis. 
MUSCLE (Robert C. Edgar, 2004), PAML 
(Yang, 2007) 
Selection analysis of core/accessory cluster 
alignment using yn00. 
InterProScan† (Jones et al., 2014), GOATools 
(Klopfenstein et al., 2018) 
Functional classification and functional 
enrichment analysis of pan-genome. 
R, ggplot (Wickham, 2011), ggrepel, UpSetR 
(Conway, Lex and Gehlenborg, 2017), 
Bioconductor (Obenchain et al., 2015), 
KaryoploteR (Gel and Serra, 2017) 
Visualization of pan-genome size and distributions 
across genomes. 
*Required for all analyses. †InterProScan is only available for Linux distributions. 
 
6.2.1.1 Gene model prediction and annotation 
By default, Pangloss performs its own gene model prediction to generate 
nucleotide and protein sequence data for all gene models from each genome in a dataset 
(Figure 6.1). Pangloss also generates a set of PanOCT-compatible gene model location 
data for each genome. Gene model prediction can be skipped by including the flag --
no_pred if such data has already been generated, or the user can solely run gene model 
prediction with no downstream analysis by including the flag --pred_only. For each 
genome in a dataset, up to three methods of prediction are used: 
 
1. All predicted protein sequences from a user-provided reference genome are 
queried against each genome using Exonerate, with a heurisitic protein2genome 
search model (Slater and Birney, 2005). Translated gene model top-hits with an 
alignment score of ≥90% of the maximum possible alignment score as determined 
by Exonerate are retained as potential gene models. This search step is parallelized 
through Python’s multiprocessing library, and can be optionally disabled by the 
user by including the flag --no_exonerate. 
2. Ab initio Hidden Markov Model (HMM)-dependent gene model prediction is 
performed using GeneMark-ES with self-training enabled (Ter-Hovhannisyan et 
al., 2008). If the species of interest is fungal, the user can enable a fungal-specific 
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branch point site prediction model in the configuration file. If the user has also 
predicted gene models via step 1, those gene models whose locations do not 
overlap with gene model predicted via GeneMark-ES are incorporated into the 
latter dataset. 
3. All remaining non-coding regions of the genome are extracted and subjected to 
position weight matrix (PVM)-dependent gene model prediction using 
TransDecoder (Haas et al., 2013). Any remaining predicted gene models with a 
length of ≥200 amino acids are included in the final gene model dataset. 
 
There are a number of optional steps after that the user can take to assess the quality of 
gene model prediction within a dataset (Figure 6.1). The user can filter gene model sets 
for potential pseudogenes by querying a set of known dubious genes (either user-curated 
or from an appropriate resource such as the Saccharomyces Genome Database) against 
each gene model set using BLASTp (enabled via the --qc flag) (Altschul et al., 1990; 
Engel and Cherry, 2013). Any gene models whose top BLASTp hit against a dubious 
gene has sequence coverage of ≥70% are removed from further analysis. The 
completeness of each gene model set can also be assessed using BUSCO (enabled via the 
--busco flag), with the appropriate dataset assigned by the user (Simão et al., 2015). 
 
6.2.1.2 BLASTp and PanOCT analysis 
 By default, all predicted gene models within a dataset are combined and an all-
vs.-all BLASTp search is performed within Pangloss with a user-defined e-value cutoff 
(default = 10-4) (Figure 6.1). However, if the user prefers to perform the all-vs.-all 
BLASTp step on their own HPC environment they can skip the search via the --no_blast 
flag. The BLASTp search data, along with all gene models and gene model location 
datasets combined, are used as input for PanOCT. For a pan-genome dataset of syntenic 
ortholog clusters as constructed by Pangloss, clusters that contain an ortholog from all 
input genomes are classified as “core” clusters (containing “core” gene models) and 
clusters missing an ortholog from ≥1 input genomes are classified as “accessory” clusters 
(containing “accessory” gene models) (McCarthy and Fitzpatrick, 2019a). Pangloss also 
generates nucleotide and amino acid datasets for every core and accessory cluster for 
further downstream analyses. 
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6.2.1.3 Refinement of pan-genome construction based on reciprocal sequence 
similarity 
 After construction of the initial pan-genome, the user has the option of refining 
the pan-genome with Pangloss via the --refine flag (Figure 6.1). This method attempts to 
refine the PanOCT-derived microsyntenic pan-genome by accounting for microsynteny 
loss due to genome assembly artefacts or genomic rearrangements. In this method, 
Pangloss first extracts all accessory clusters from the accessory genome and parses the 
previously-generated all-vs.-all BLASTp data used for PanOCT. For each accessory 
cluster A, Pangloss extracts the BLASTp data for each ortholog in A and generates a list 
of BLASTp top-hits to each strain genome not represented in A with ≥30% sequence 
identity. If this list matches another accessory cluster B in the accessory genome, Pangloss 
will then check if each ortholog in B has a reciprocal strain top-hit to each ortholog in A. 
If A and B satisfy this criterion they are merged into a new cluster AB, and A and B 
themselves are subsequently removed from the accessory genome. If this new cluster AB 
has an ortholog from every input strain genome in the dataset it is then reclassified as a 
core cluster (McCarthy and Fitzpatrick, 2019a). 
 
6.2.1.4 Functional annotation and characterization of pan-genome components 
 There are optional arguments in Pangloss through which the user can characterize 
pan-genomes once they are constructed (Figure 6.1). If InterProScan is installed, the user 
can select to have the entire pan-genome dataset annotated with Pfam, InterPro and gene 
ontology (GO) information via the --ips flag (Jones et al., 2014). Additionally, if 
GOAtools is installed the output from InterProScan can be used to perform GO-
enrichment analysis of the core and accessory components of the pan-genome via the --
go flag, using Fischer’s exact test (FET) with parent term propagation and false discovery 
rate correction (p < 0.05) using a p-value distribution generated from 500 resampled p-
values (Agresti, 2002; Klopfenstein et al., 2018). 
 
6.2.1.5 Selection analysis of pan-genome using yn00 
 The user can perform selection analysis on core and accessory gene model clusters 
using yn00 from the PAML package of phylogenetic software (enabled via the --yn00 
flag) (Figure 6.1) (Yang, 2007). For each cluster in a pangenome dataset, an amino acid 
alignment is performed using MUSCLE with the default parameters. A corresponding 
 
 
 204 
nucleotide alignment is then generated by Pangloss by transferring gaps in the amino acid 
alignment into the nucleotide data for the same cluster. yn00 selection analysis is handled 
by Biopython’s Bio.Phylo.PAML module and is run with the default parameters 
(universal genetic code, equal weighting of pathways between codons and estimated 
codon frequencies). From each cluster alignment, Pangloss will report where available 
the estimated transition/transversion rate ratio of the cluster (κ) and the number of 
pairwise alignments within the cluster that show evidence of positive selection according 
to Yang & Nielsen’s (2000) method where the dN/dS ratio (ω) is ≥ 1, if ω ≠ ∞ (Yang and 
Nielsen, 2000). 
 
6.2.1.6 Visualization of pan-genome data 
 A number of optional methods of visualizing pan-genome data are incorporated 
into Pangloss (Figure 6.1). A simple ring chart of the proportion of core and accessory 
gene models in a pangenome dataset is generated in R using the --size flag. The same flag 
also generates a bar chart for the distribution of syntenic cluster sizes within a pangenome 
dataset and estimates the true size of the pan-genome using the Chao lower bound method 
in R, as previously implemented in the prokaryote pan-genome analysis package 
micropan (Chao, 1984; Snipen and Liland, 2015). The Chao lower bound method 
estimates the size of a population given a set of occurrence data for that population from 
singleton and doubleton occurrences (Chao, 1984). In the case of pan-genomic data we 
can estimate the true number of syntenic clusters within a pan-genome (!") given the 
observed number of clusters (N) from the numbers of 1-member and 2-member clusters 
in the pan-genome (y1 and y2, respectively), as given by the equation !" = ! +	 &'
(
)&(
 (Chao, 
1984). The Chao lower bound method is a conservative method of estimating true pan-
genome size, but it is worth noting that this estimation may be skewed in cases of 
overabundance of singleton data (e.g. singleton genes arising from highly fragmented 
genomes) (Snipen and Liland, 2015; Böhning, Kaskasamkul and van der Heijden, 2019). 
The distribution of syntenic orthologous gene models within the species accessory 
genome can be visualized using the R package UpSetR via the --upset flag (Conway, Lex 
and Gehlenborg, 2017). This generates an ortholog distribution plot based on the UpSet 
technique of visualizing intersections of sets and their occurrences within a dataset using 
matrix representation, allowing for more input sets than similar Venn-based or Euler-
based methods (Lex et al., 2014). Finally, karyotype plots of the genomic locations of 
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core and accessory gene models along each chromosome/contig within a genome, 
coloured by either pan-genome component or by syntenic cluster size, can be generated 
for each genome in a dataset using the Bioconductor package KaryoploteR via the --karyo 
flag (Obenchain et al., 2015; Gel and Serra, 2017). 
 
6.2.2 Dataset assembly 
6.2.2.1 Yarrowia lipolytica 
Nuclear genome assembly data for seven Yarrowia lipolytica strains was obtained 
from GenBank. Each strain genome was selected based on geographic and environmental 
distribution, information on which is found in Table S6.1 (Dujon et al., 2004; Liu and 
Alper, 2014; Magnan et al., 2016; Devillers and Neuvéglise, 2019). Gene model and gene 
model location prediction was carried out for all Y. lipolytica strain genomes using 
Pangloss (Figure 6.1). GeneMark-ES gene model prediction was performed with a fungal 
branching point model and TransDecoder gene model prediction was performed with an 
amino acid sequence length cutoff of ≥200aa. All predicted gene model sets were filtered 
against a set of 936 known pseudogenes or dubious ORFs from Saccharomyces cerevisiae 
and Candida albicans obtained from the Saccharomyces and Candida Genome Database 
websites respectively, with a BLASTp e-value cutoff of 10-4 (Engel and Cherry, 2013; 
Skrzypek et al., 2017). Gene models with sequence coverage of ≥70% to a 
pseudogene/dubious ORF were removed from the dataset (Table S6.1). BUSCO analysis 
for each strain gene model set was performed using the Saccharomycetales dataset (Table 
S6.1). In total, 45,533 gene models were predicted across our entire Y. lipolytica pan-
genome dataset, with an average of 6,504 gene models per strain and BUSCO 
completeness per gene model set ranging from approximately 83-89% (87.9% average) 
(Table S6.1). 
 
6.2.2.2 Aspergillus fumigatus 
 Nuclear genome assembly data for 12 Aspergillus fumigatus strains was 
obtained from GenBank. Each strain genome was previously used to construct an initial 
A. fumigatus species pan-genome by McCarthy & Fitzpatrick (2019a), and strains were 
selected based on geographic and environmental distribution, including both clinical and 
wild-type strains (McCarthy and Fitzpatrick, 2019a) (Table S6.1). Gene model and gene 
model location prediction was carried out for all A. fumigatus genomes using Pangloss 
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(Figure 6.1). GeneMark-ES gene model prediction was performed with a fungal 
branching point model and TransDecoder gene model prediction was performed with an 
amino acid sequence length cutoff of ≥200aa. No filtering for pseudogenes or dubious 
ORFs was performed for the A. fumigatus dataset as no such data is available. BUSCO 
analysis for each strain gene model set was performed using the Eurotiomycetes dataset 
(Table S6.1). In total, 113,414 gene models were predicted across our entire A. fumigatus 
pan-genome dataset, with an average of 9,451 gene models per strain and BUSCO 
completeness per gene model set ranging from approximately 93-97% (96% average) 
(Table S6.1). 
 
6.2.3 Pangenome analysis 
6.2.3.1 Yarrowia lipolytica 
 An all-vs.-all BLASTp search for the entire Y. lipolytica dataset was performed 
within Pangloss with an e-value cutoff of 10-4. PanOCT analysis for the Y. lipolytica 
dataset was performed within Pangloss using the default parameters for PanOCT (CGN 
window = 5, sequence identity cutoff = ≥35%). Pan-genome refinement was carried out 
within Pangloss (Table S6.1). Pfam, InterPro and Gene Ontology annotation of the 
dataset was performed using InterProScan with the default parameters (Hunter et al., 
2012; Jones et al., 2014; Finn et al., 2015; Carbon et al., 2017). GO-slim enrichment 
analysis was carried out for both the core and accessory Y. lipolytica genomes using 
GOATools. GO terms were mapped to the general GO-slim term basket and a Fischer’s 
exact test (FET) analysis with parent term propagation and false discovery rate (FDR) 
correction (p < 0.05) with a p-value distribution generated from 500 resampled p-values 
(Agresti, 2002; Carbon et al., 2017; Klopfenstein et al., 2018). yn00 analysis of the Y. 
lipolytica pan-genome dataset was performed within Pangloss with the default parameters 
(Yang and Nielsen, 2000; Yang, 2007). All plots were generated within Pangloss using 
its various R components as detailed above (Figures 6.2-6.5). 
 
6.2.3.2 Aspergillus fumigatus 
 An all-vs.-all BLASTp search for the entire A. fumigatus dataset was performed 
within Pangloss with an e-value cutoff of 10-4. PanOCT analysis for the A. fumigatus 
dataset was performed within Pangloss using the default parameters for PanOCT (CGN 
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window = 5, sequence identity cutoff = ≥35%). Pan-genome refinement was carried out 
within Pangloss (Table S6.1). 
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6.3 Results 
6.3.1 Analysis of the Yarrowia lipolytica pan-genome 
A Y. lipolytica species pan-genome was constructed with Pangloss via PanOCT using 
publicly-available assembly data from seven strains, including the reference CLIB122 
strain and a number of other industrially-relevant strains (Dujon et al., 2004; Liu and 
Alper, 2014; Magnan et al., 2016; Devillers and Neuvéglise, 2019) (Table 6.S1). Strain 
genomes ranged in size from 19.7-21.3Mb, and the majority had been assembled to near-
scaffold quality (Table S6.1). A total of 45,533 valid Y. lipolytica gene models were 
predicted by Pangloss after filtering for known pseudogenes from model yeasts, for an 
average of ~6,505 gene models per strain genome (Table S6.1). Pangloss constructed a 
refined species pan-genome for Y. lipolytica containing 6,042 core syntenic clusters 
(42,294 gene models in total) and 972 accessory syntenic clusters (3,239 gene models in 
total) (Figure 6.2, Tables 6.2 and S6.1). This gives a core:accessory proportion split of 
approximately 92:8 in terms of gene models and 87:13 in terms of unique syntenic 
clusters (Figure 6.2, Table S6.1). These core:accessory proportions were similar to our 
previous analyses of other yeasts such as Saccharomyces cerevisiae (85:15) and Candida 
albicans (91:9) (McCarthy and Fitzpatrick, 2019a). Accessory genome size in individual 
Y. lipolytica strains varied from 303 gene models in IBT446 to 583 gene models in H222 
(Table S6.1). Using Chao’s lower bound method, the size of the Y. lipolytica pan-genome 
was estimated to contain 7,970 syntenic clusters (Figure 6.3). 341 syntenic clusters were 
missing an ortholog in one strain, with 202 clusters missing an ortholog from IBT446 
only, and 390 syntenic clusters consisted of a singleton gene model (Figures 6.3-6.4). 
The number of singleton gene models in individual strains varied from 23 gene models 
in WSH-Z06 and CBA6003 to 121 gene models in H222 (Figure 6.4). Karyotype plots 
were generated for each Y. lipolytica strain in our dataset and display varying amounts of 
accessory gene models distributed across the 6 chromosomes of Y. lipolytica (e.g. 
CLIB122 in Figures 6.5a-b). This is similar to our previous observation of accessory 
genome distribution within the Candida albicans pan-genome, which may have arisen 
due to a lack of non-clinical strain genomes for that species (McCarthy and Fitzpatrick, 
2019a). A large accessory region in chromosome D in CLIB122 (NC_006070.1, Figures 
6.5a-b) appears to be the result of a gapped region in the same chromosome in PO1f, 
presumably arising from sequencing artefacts (Figures 6.5a-b). 
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Table 6.2. Pan-genomes of Yarrowia lipolytica and Aspergillus fumigatus. Refer to 
Table S6.1 for further information including strain assembly statistics, BUSCO 
completeness and links to relevant literature. 
Species Strains Core genome Accessory 
genome 
Pan-genome 
Gene 
models 
Clusters Gene 
models 
Clusters Gene 
models 
Clusters 
Yarrowia 
lipolytica 
7 42,294 6,042 3,239 972 45,533 7,014 
Aspergillus 
fumigatus 
12 92,016 7,668 21,398 3,727 113,414 11,395 
 
 
Figure 6.2. Pan-genome of Yarrowia lipolytica represented as a ring chart of proportions 
of core and accessory ortholog clusters within total dataset. Modified from original figure 
generated by Pangloss. Core proportions coloured in green, accessory proportions 
coloured in red.  
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Figure 6.3. Bar chart representing the distribution of syntenic cluster sizes within 
Yarrowia lipolytica pan-genome and Chao’s lower bound estimation of true pan-genome 
size. Figure generated by Pangloss. 
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Figure 6.4. UpSet plot of the distribution of syntenic orthologs within the Yarrowia 
lipolytica accessory genome, ranked by syntenic cluster frequency. UpSet plots represent 
intersections between sets within data as a matrix, and give the number of occurrences of 
those intersections as a bar chart. In our case, the set intersection matrix represents 
clusters which contain a syntenic ortholog from 1-6 strains in our dataset and the number 
of their occurrences is given by the bar chart. Numbers of singleton clusters range from 
22 in WSH-Z06 to 121 in H222. Figure generated by Pangloss. 
 
6.3.2 Characterization of the Yarrowia lipolytica pan-genome 
 Selection analysis was performed for all non-singleton clusters in the Y. lipolytica 
core and accessory genome using yn00, which estimates synonymous and non-
synonymous rates of substitution within a gene family using pairwise comparisons (Yang, 
2007). Of the 6,042 core clusters in the Y. lipolytica pan-genome dataset, 453 clusters had 
at least one pairwise alignment which had ω ≥ 1 (7% of all core clusters) whereas for the 
582 non-singleton accessory clusters only 52 clusters had at least one pairwise alignment 
with ω ≥ 1 (9% of all non-singleton accessory clusters). It is possible that the low levels 
of positive selection (i.e. clusters with ≥1 pairwise alignment with ω ≥ 1) within the 
accessory genome reflects the potential lack of evolutionary distance between the strains 
in our Y. lipolytica dataset. The Y. lipolytica pangenome dataset was annotated with Pfam, 
InterPro and Gene Ontology data using InterProScan (Hunter et al., 2012; Jones et al., 
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2014; Finn et al., 2015; Carbon et al., 2017). Approximately 77% of the total dataset 
(35,139 gene models) contained at least one Pfam domain. GO-slim enrichment analysis 
was performed for both core and accessory genomes using GOATools with the default 
parameters as implemented in Pangloss (Table S6.2). Unlike our previous analysis of 
term enrichment in fungal pan-genomes, transport processes appear to be enriched within 
the core Y. lipolytica genome and processes relating to the production of organic and 
aromatic compounds are enriched within the accessory Y. lipolytica genome (Table S6.2) 
(McCarthy and Fitzpatrick, 2019a). The former may be due to the array of the lipid 
transport systems that Y. lipolytica uses to live in environments rich in hydrophobic 
substrates (Thevenieau et al., 2009). Similarly, genes whose functions are related to 
intracellular organelle function are enriched in the Y. lipolytica core genome – this may 
encompass the accumulation of lipids and fatty acids within organelles and lipid body 
formation within the Y. lipolytica cell (Table S6.2) (Mlíčková et al., 2004). 
 
6.3.3 Reanalysis of the Aspergillus fumigatus pan-genome 
 As a way of assessing the quality of Pangloss’s pan-genome construction we also 
reconstructed a species pan-genome for Aspergillus fumigatus, the opportunistic agent of 
invasive aspergillosis, using a previously-analyzed dataset containing both clinical and 
wild-type strains (Nierman et al., 2005; McCarthy and Fitzpatrick, 2019a) (Tables 6.2 & 
S6.1). A total of 113,414 valid A. fumigatus gene models were predicted by Pangloss with 
an average of ~9,451 gene models per strain genome (Tables 6.2 & S6.1). Pangloss 
constructed a refined species pan-genome for A. fumigatus containing 7,668 core syntenic 
clusters (92,016 gene models in total) and 1,783 accessory syntenic clusters (21,398 gene 
models in total) (Tables 6.2 & S6.1). This gives a core:accessory proportion split of 
approximately 81:19 in terms of gene models and 67:33 in terms of unique syntenic 
clusters (Tables 6.2 & S6.1). These core:accessory proportions are relatively in line with 
our previous study of the same A. fumigatus pan-genome dataset, which found 
core:accessory proportion splits of 83:17 in terms of gene models and 73:27 in terms of 
unique syntenic clusters (McCarthy and Fitzpatrick, 2019a). Variation between the two 
A. fumigatus pan-genome analyses is a result of performing gene prediction using 
Exonerate in our initial analysis in McCarthy & Fitzpatrick (2019a), but not in our 
subsequent reanalysis (McCarthy and Fitzpatrick, 2019a).
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Figures 6.5a and 6.5b. Karyotype plots of core and accessory gene model locations across the six chromosomes of Yarrowia lipolytica strain 
CLIB122. Left: (a) Gene model locations coloured by source pan-genome component (core: green, accessory: red). Right: (b) Gene model 
locations coloured by the size of their source syntenic cluster. Non-coding regions coloured in grey. Both figures generated by Pangloss. 
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6.4 Discussion 
As pan-genome analysis of eukaryotes becomes more commonplace, ideally the 
amount of software to construct and characterize eukaryote pan-genome should begin to 
match that which is already available for prokaryotes. Our software pipeline Pangloss 
applies a sequence similarity and synteny-based approach from prokaryote pan-genome 
analysis, implemented as PanOCT by Fouts et al (2012), to eukaryote pan-genome 
analysis and allows the user to perform their own gene prediction and downstream 
characterization and visualization of pan-genome data from one self-contained script 
(Fouts et al., 2012; McCarthy and Fitzpatrick, 2019a). Although our pipeline has been 
designed for eukaryote pan-genome analysis, as PanOCT is a prokaryote method in origin 
Pangloss should also support prokaryote datasets – albeit with some modifications to gene 
model prediction strategies by the user. Unlike other common gene clustering approaches 
such as MCL, PanOCT incorporates local synteny via assessing the CGN between 
potential orthologs as a criterion to clustering in addition to sequence similarity 
(Alexeyenko et al., 2006; Fouts et al., 2012). This makes PanOCT distinct from most 
clustering approaches in that it can distinguish orthologs from paralogs – i.e. if one 
assumes that “true” orthologs are more likely to be located in relatively-similar regions 
of their respective genomes they then should in turn be more likely to cluster together 
when syntenic conservation is taken into consideration. This is of particular relevance to 
eukaryote pan-genomes, as gene duplication plays a substantial role in eukaryote gene 
family and genome evolution (Friedman and Hughes, 2001; McCarthy and Fitzpatrick, 
2019a). Although this approach is more stringent than clustering gene families based on 
approaches like MCL or BLAST searches alone, it is potentially more reflective of 
evolution on a gene-level basis within strains of the same species. 
There are ways in which our approach can be improved upon in future 
methodologies, both in terms of prediction and analytic strategies. For example, Pangloss 
has an optional Exonerate-based gene model prediction strategy which searches input 
genomes for translated homologs of reference sequences (Slater and Birney, 2005). This 
is an exhaustive approach that may pick up potential gene models missed by GeneMark-
ES and/or TransDecoder, but it is also time-inefficient. To search all 6,472 reference 
protein sequences from Y. lipolytica CLIB222 against a single Y. lipolytica genome takes 
on average four hours on three threads on a server running Ubuntu 18.04.2 LTS 
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(approximately 9 sequences per minute per thread), whereas both GeneMark-ES gene 
model prediction with fungal point branching and subsequent ORF prediction in non-
coding regions with TransDecoder performed on the same genome with the same number 
of threads typically takes ~30-35 minutes. It is for this reason primarily that we have 
made the Exonerate-based strategy optional for any gene prediction that is performed by 
Pangloss. Furthermore, PanOCT’s memory usage increases exponentially per strain 
added, notwithstanding the potentially complex distribution of gene models between 
strains themselves (Fouts et al., 2012; McCarthy and Fitzpatrick, 2019a). Constructing a 
species pan-genome using PanOCT from a small and relatively well-conserved dataset 
such as that for our Y. lipolytica or A. fumigatus studies should be achievable on most 
standard hardware. For larger datasets, such as our previous pan-genome analysis of 100 
Saccharomyces cerevisiae genomes however, it may be preferable to perform such 
analysis on a high-performance cluster environment or otherwise an alternative synteny-
based method of pan-genome construction may be more appropriate (McCarthy and 
Fitzpatrick, 2019a). Finally, we would encourage users to interrogate and visualize the 
results of analysis using Pangloss and adjust the input parameters where appropriate for 
their data. In our case, the parameters which were chosen for use in Pangloss for this 
analysis (e.g. BLAST e-value cutoff, CGN window size) are largely based on those from 
our previous analysis of fungal pan-genomes or other studies using PanOCT (Fouts et al., 
2012; McCarthy and Fitzpatrick, 2019a). Depending on the size of a pan-genome dataset 
or the species of interest, different cutoffs may be more suitable – e.g. for species with 
longer average gene lengths a lower sequence identity cutoff for PanOCT clustering than 
the default (>35%) may be more appropriate. Many of these parameters can be adjusted 
in the INI-like configuration file provided with Pangloss. 
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6.5 Conclusions 
Pan-genome analysis of eukaryotes has become more common, but many of the 
available software for pan-genome analysis are intended for use with prokaryote data. We 
have developed Pangloss, a pipeline that allows users to generate input data and construct 
species pan-genomes for microbial eukaryotes using the synteny-dependent PanOCT 
method and various downstream characterization analyses. To demonstrate the 
capabilities of our pipeline we constructed a species pan-genome for Yarrowia lipolytica, 
an oleaginous yeast with potential biotechnological applications, and performed various 
functional and data visualization analyses using Pangloss. The Y. lipolytica pangenome 
is similar in terms of core and accessory genome proportions to previously analyzed 
fungal pan-genomes but is unique in that biological processes such as transport are 
statistically-enriched in the core genome. We also used Pangloss to reconstruct a species 
pan-genome for the respiratory pathogen Aspergillus fumigatus using a previously-
analyzed dataset and found that Pangloss generated a similar pan-genomic structure for 
A. fumigatus to that of our previous analysis. Building on our previous work on fungal 
pan-genomes, this study not only provides further evidence for pan-genomic structure 
within eukaryote species but also presents a methodological pipeline for future eukaryote 
pan-genome analysis. 
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Chapter 7 – Future work 
and perspectives  
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Chapter outline 
 In this chapter, I briefly discuss potential future work that may follow for both the 
oomycetes and fungi arising from genome sequencing data, and compare the current 
states of oomycete and fungal genomics with what both fields may look like in the near 
future.  
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7.1 Oomycete genomics: future perspectives 
 Oomycete genomics has come a long way since the publication of the genomes 
of Phytophthora sojae and Phytophthora ramorum in 2006. At the time of writing 
(October 2019), there are 61 oomycete species with genome assemblies that are publicly-
available from NCBI – an increase of at least 30 from the start of 2015. Many of the 
species sequenced in recent years have come from outside the two major genera 
Phytophthora and Pythium – the “downy mildews” seem to be a particular target for 
oomycete genome sequencing projects due to their host range of economically-important 
plant species. In this section, I propose how future efforts in genome sequencing and 
comparative work may help us better answer some underlying questions of oomycete 
biology and evolutionary history. 
 
7.1.1 Oomycete evolutionary history: resolving problem taxa 
 A greater amount of genome sequencing for as-yet unsampled or under-sampled 
Phytophthora and Pythium clades may allow researchers to address whether these clades 
are monophyletic under phylogenomic reconstruction as they have been in smaller 
multigene phylogenetics. In the case of Phytophthora, more genomic data for these clades 
should yield more accurate phylogenomic studies and help to clarify the relationships 
between the more derived clades (Clades 1-5). Some clades within the Phytophthora 
genus such as Clade 6 are known to contain species which undergo hybridization with 
other Phytophthora species – this may conflate phylogenetic inference if hybridization 
has occurred across clades and so selection of species for future phylogenomic studies of 
the oomycetes should be conscious of this issue. Additionally, the sequencing of more 
downy mildew genomes should help resolve the particularly relationships between the 
two groups of downy mildews and the Phytophthora genus as a whole – potentially 
earmarking a reclassification of sort for some members of Phytophthora or the downy 
mildews. For Pythium greater genomic data across the genus will allow us to determine 
whether the genus is truly monophyletic or should be reorganized into five different 
genera as per previous research has suggested. Broader sampling of other orders outside 
of Peronosporales, not only other “crown” orders like Saprolegniales and Albuginales but 
other intermediate and basal orders like Rhipidales, will afford us a greater picture of 
oomycete diversity outside of plant pathogenic Phytophthora and Pythium species. With 
such phylogenomic data, researchers will be able to investigate fundamental and applied 
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questions of oomycete evolutionary and molecular biology – this can include questions 
such as why plant pathogenicity has evolved independently multiple times within the 
oomycetes or the expansion of effector families in Phytophthora species relative to other 
oomycetes. 
 
7.1.2 The molecular evolution and diversity of oomycete species 
Oomycetes, unlike filamentous fungi like Aspergillus species for example, do not 
produce arrays of secondary metabolites for host infection. Instead, they produce 
“effector” proteins which attempt to control host immune response to enable colonization 
within the host. The hallmark effectors of the oomycetes - RXLR-motif and CRN-motif 
effectors - have been the subject of extensive genomic and phylogenetic research as more 
genomics data has become available for the oomycetes. With more data and refined 
analytic methodologies, we will be able to have a greater understanding of how these 
molecular features have evolved. Other trends such as the evolution of “pathogenicity 
islands” within oomycetes species and the evolution of so-called “two-speed genomes” 
(Dong, Raffaele and Kamoun, 2015) in plant pathogenic Phytophthora species may also 
be investigated in greater detail. As oomycete genomes are significantly more complex 
than fungal genomes (greater instances of repeat regions, segregation of genomic content 
into gene-rich and gene-sparse areas), generating a single high-quality reference genome 
sequence for an oomycete species has previously been a challenge in and of itself. With 
the advent of new sequencing technologies such as Oxford Nanopore and PacBio SMRT, 
which allow for longer sequencing reads and can be used in tandem with more established 
methods such as Illumina, it is now possible to quickly sequence multiple oomycete 
genomes across different species or within different species. This will enable analysis of 
variation within species, such as pangenome approaches or GWAS approaches. The 
expected increase of oomycete genomic data coming out of initiatives such as the 
Phytophthora Sequencing Consortium will help facilitate such research also. 
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7.2 Fungal genomics: future perspectives 
Fungal genome sequence data has increased dramatically over the last ten years, 
and with more sophisticated sequencing technology that number will only increase 
further. In this section, I briefly discuss the importance in accurate and representative 
phylogenomics can be used to elucidate how important traits have evolved within fungi, 
and how the wealth of genomics data available can be exploited for various 
biotechnological applications. 
 
7.2.1 Mapping major events in the fungal tree of life 
 With greater sampling of non-Dikaryan species we now have a greater 
understanding of the diversity of the fungal kingdom as a whole. There are however, a 
number of outstanding questions still to be addressed regarding how important traits in 
certain branches in the fungal kingdom have evolved. These include the multiple 
independent origins of multicellularity within the fungi (and the seemingly convergent 
evolution of filamentation in the otherwise unrelated oomycetes), the evolution of various 
parasitic and saprotrophic lifestyles across all branches of fungi, the true extent of HGT 
amongst fungi and the impact of gene remodelling events across the fungal kingdom. To 
accurately place these events however, a robust phylogeny generated from high-quality 
genomic data must be in place otherwise any inferences of where such traits (and their 
corresponding gene families) evolved may be conflated. While some branches of the 
fungal tree of life (e.g. Pezizomycotina) are highly-represented to at least the order level, 
many of the more early-diverging lineages are quite under-represented due to difficulties 
in culturing and detection. As genome sequencing and bioinformatics technologies 
improve, the numbers of early-diverging fungal genomes taken from cultures (or even 
metagenomics samples) should improve. 
 
7.2.2 Exploiting large-scale fungal genomics data 
 As discussed in Chapter 1, fungi fulfil a broad range of roles not only in the 
environment but in human activity as well. More genome sequence data will allow greater 
predictive research into potential applications of fungi within clinical and 
biotechnological contexts, while also facilitating more proteomics and genetic 
engineering research into exploitable compounds and systems in fungi. With the 
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increasing prevalence of resistance to common antimicrobial compounds, it is of utmost 
importance that new sources of antimicrobials can identified and soil fungi – who are 
naturally in competition with many other pathogenic microbes – could have potential 
application in this area. Some recent analysis on this front has proved promising; e.g. 
novel antimicrobial compounds such as yanuthones have been identified in a number of 
Aspergillus and Penicillium species using a variety of genomics and spectroscopy 
approaches (Holm et al., 2014; Banani et al., 2016; Nielsen et al., 2017). Similarly, 
genome sequence data will be useful in determining the suitability and application of 
potential biocontrol agents within the fungi - such as natural pesticides and mycorhizzal 
parasites of plant pathogenic bacteria and eukaryotes (Grigoriev, Cullen, et al., 2011). A 
growing area of fungal research is the production of hydrocarbons and long-chain fatty 
acids using oleaginous fungi such as Yarrowia lipolytica, and greater genomic data for 
these species will aid the engeering of more sophisticated models for heterologous 
expression of biofuels and other important compounds (Shi et al., 2018). Genomics data 
can also be used to guide gene editing and hybridization approaches for fungi used in 
food biotechnology, such as reducing the production of astrigent byproducts in brewing 
yeasts and optimizing production of endogenous and recombinant molecules in 
Aspergillus niger (Leynaud-Kieffer et al., 2019; Mertens et al., 2019).  
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7.3 The future of microbial eukaryote genomics 
 Genome sequencing has been such a fundamental paradigm shift in biology that 
its presence and the resultant genetic information it generates is often taken for granted 
by researchers, particularly those who study model organisms like yeast or Drosophila 
melanogaster. However, there are many branches of the eukaryotic tree of life – often 
less charismatic branches – which are still poorly represented in terms of available 
genomics data. Without such data answering fundamental and applied questions of 
eukaryote evolution, e.g. how certain taxa evolved multicellularity or how host 
pathogenicity range evolves within a genus, remains a challenge (Richards, 2015). 
Comparing the two groups of microbial eukaryotes I have studied in this thesis, the 
oomycetes and fungi, there is a great disparity in the volume of genomic data and genomic 
analyses performed for both groups. The oomycetes are still something of a niche area in 
terms of genome sequencing, partly due to their genomic complexity and partly due to 
not being an established field relative to fungal or animal genome sequencing and 
comparative genomics. However, their importance to food security and the environment 
cannot be overstated and so it is critical that researchers have a thorough understanding 
of their molecular and genomic evolution to ameliorate their effects amidst a booming 
world population and the advancing climate crisis. For the fungi, increased genomic data 
will facilitate greater molecular and biochemical research into fighting antimicrobial 
resistance as well as being able to treat neglected tropical diseases and environmental 
pathogens. Cutting-edge research in these areas will be of the utmost importance in 
confronting the challenges ahead that the planet faces. 
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Phytophthora
sojae.
D
isintegrins
and
endonucleases
secreted
by
Saprolegnia
parasitica
appear
to
be
bacterialin
origin
(26),and
studies
of
the
secretom
es
of
Saprolegniales
species
Achlya
hypogyna
and
Thraustotheca
clavata
revealed
one
ancestral
endoglucanase
and
three
genes
specific
to
the
Saprolegniales
order
w
hich
had
been
transferred
from
bacteria
(27).
A
s
w
ith
other
unicellular
eu-
karyotes,
som
e
genes
in
Phytophtora
involved
in
am
ino
acid
m
etabolism
have
been
obtained
via
horizontal
transfer
from
bacteria
(28).
O
ther
studies
have
identified
ancestralbacterialevents
of
H
G
T
w
ithin
other
stram
enopile
genom
es
(29)
or
in
other
lineages
w
ithin
the
SA
R
supergroup
(30–32).
In
light
of
these
previous
studies
of
the
influence
of
H
G
T
in
the
evolution
of
the
oom
ycetes,w
e
undertook
a
system
atic
investigation
focusing
on
the
extentofbacterial
transferinto
the
oom
ycetes.W
e
analyzed
13
species
from
the
plant-pathogenic
genera
Pythium
and
Phytophthora,
as
w
ell
as
the
recently
reclassified
species
Phytopythium
vexans,
for
genes
w
ith
sufficient
evidence
for
nonvertical
inheritance
from
bacteria.
H
ere,w
e
report
five
recent
transfers
from
bacteria
into
individualoom
ycete
lineages,
including
w
hat
w
e
believe
to
be
the
first
descriptions
of
interdom
ain
H
G
T
involving
Pythium
.
RESU
LTS
A
N
D
D
ISCU
SSIO
N
A
nalysis
of
bacterialH
G
T
into
Phytophthora
and
Pythium
.To
investigate
the
extent
ofbacterialH
G
T
into
the
oom
ycetes,w
e
generated
gene
phylogenies
for
every
oom
y-
cete
protein
sequence
w
hose
bidirectional
hom
ology
analysis
supported
a
recent
transfer
from
bacteria
to
an
oom
ycete
species.Such
phylogenies
w
ere
generated
w
ith
techniques
that
have
previously
identified
m
ultiple
intradom
ain
events
of
H
G
T
be-
tw
een
fungiand
oom
ycetes
(23):using
O
rthoM
CL
(33)to
generate
clusters
ofortholo-
gous
proteins,searching
representative
proteins
againsta
large
database
using
BLA
STp
(34),
and
generating
m
axim
um
-likelihood
phylogenetic
reconstructions
using
PhyM
L
(35).To
reduce
the
chances
of
false-positive
identification
of
putative
H
G
T
genes
due
to
poor
taxon
sam
pling
(36,37),oom
ycete
protein
sequences
w
ere
queried
against
a
local
database
using
BLA
STp,
w
ith
broad
taxon
sam
pling
in
the
database
across
prokaryotes
and
eukaryotes
(see
D
ata
Set
S1
in
the
supplem
entalm
aterial).A
totalof
106
oom
ycete
proteins
w
ere
found
to
have
a
top
database
hit
w
ith
a
bacterialprotein.
Filtering
forredundancy
(due
to
m
ultiple
hom
ologs
in
a
single
species,forexam
ple),64
unique
candidate
m
axim
um
-likelihood
H
G
T
phylogenies
w
ith
100
bootstrap
replicates
(Table
2)
w
ere
generated
using
PhyM
L
w
ith
the
best-fit
m
odel
for
each
phylogeny
chosen
by
ProtTest
(38).Through
our
process
of
exam
ination,w
e
retained
25
phylog-
enies
w
hich
satisfied
our
criteria
(resolvable
topology
and
adequate
taxon
sam
pling)
(Table
2).O
f
these
25
phylogenies,20
w
ere
ultim
ately
discarded
due
to
poor
phylo-
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genetic
and
bootstrap
support
or
signal.
O
ur
phylogenies
infer
three
types
of
bacterium
-oom
ycete
H
G
T
w
ithin
our
candidate
H
G
T
phylogenies:
(i)
R
ecentbacterialtransfer
into
the
Pythium
or
Phytopythium
(Pythium
/Phytopythium
)
lin-
eage
(1
individualexam
ple).
(ii)
R
ecentbacterialtransfer
into
the
Phytophthora
lineage
(2
individualexam
ples).
(iii)
R
ecentbacterialtransfer
into
the
Pythium
lineage
(2
individualexam
ples).
Each
phylogeny
w
as
evaluated
for
other
characteristics
that
m
ight
have
led
to
reinforcem
ent
or
rejection
of
our
hypothesis
that
H
G
T
had
occurred.G
ene
character-
istics
such
as
G
C
content,exon
num
ber,and
the
sequence
length
of
each
oom
ycete
gene
arising
from
transfer
in
our
phylogenies
w
ere
calculated
(see
Table
S1
in
the
supplem
entalm
aterial),and
the
results
w
ere
com
pared
to
the
average
results
deter-
m
ined
for
their
corresponding
genom
es.G
ene
characteristics
ofbacterialhom
ologs
in
potentialdonor
species
w
ere
also
calculated
(see
Table
S2).Sim
ilarly,the
codon
usage
patterns
ofeach
Phytophthora
and
Pythium
/Phytopythium
genom
e
w
ere
analyzed,and
the
patterns
of
each
of
the
candidate
genes
potentially
arising
from
H
G
T
in
each
species
w
ere
com
pared
to
the
generalpattern
to
see
w
hether
they
w
ere
outliers.The
codon
usage
patterns
of
the
seed
genes
used
to
generate
each
phylogeny
w
ere
also
com
pared
w
ith
the
codon
usage
patterns
of
potential
bacterial
donors
(not
show
n).
N
one
of
these
analyses
w
ere
conclusive
w
ith
respect
to
proving
or
disproving
that
horizontalinheritance
ofthese
genes
had
occurred.H
ow
ever,this
is
notuncom
m
on
for
codon
usage
analyses
as
the
codon
usage
oftransferred
genes
is
know
n
to
am
eliorate
to
m
atch
that
of
the
recipient
genom
e
(39).
Sequence
sim
ilarity
and
identity
at
the
am
ino
acid
levelbetw
een
each
seed
H
G
T
protein
and
a
sisterhom
olog
from
a
potential
bacterialdonor
w
ere
also
investigated
(see
Table
S3).
To
help
ensure
that
none
of
our
putative
H
G
T
fam
ilies
w
ere
in
fact
the
product
of
bacterial
contam
ination,the
hom
ology
of
each
seed
gene
to
its
adjacent
genes
w
as
investigated.
In
each
of
our
five
putative
H
G
T
fam
ilies,
w
e
found
that
there
w
as
no
obvious
evidence
ofbacterialcontam
ination
along
a
source
contig
thatresulted
in
false
positives
for
bacterium
-oom
ycete
events
of
H
G
T
(see
Table
S4
in
the
supplem
ental
m
aterial).A
s
w
e
w
ere
also
conscious
ofthe
risk
ofpoor
taxon
sam
pling
giving
us
false
positives,w
e
also
com
pared
the
taxon
sam
pling
in
our
localdatabase
w
ith
the
N
CBI
protein
data.W
e
queried
each
seed
protein
sequence
againstthe
N
CBI’s
nonredundant
protein
sequence
database
using
BLA
STp
w
ith
an
E
value
cutoff
of
10
!
2
0,
aligned
hom
ologs,
and
generated
neighbor-joining
phylogenies
for
each
seed
gene
(not
show
n).W
here
the
BLA
STp
data
retrieved
from
N
CBIm
irrored
our
ow
n
localsearches
and
the
corresponding
neighbor-joining
phylogeny
show
ed
that
the
seed
gene
clearly
grouped
w
ithin
an
oom
ycete
clade
ora
bacterialclade,w
e
w
ere
satisfied
thatourtaxon
sam
pling
had
sufficiently
covered
allavailable
protein
data.A
ll5
ofour
candidate
H
G
T
genes
satisfy
these
criteria.
W
e
have
identified
five
w
ell-supported
phylogenies
that
show
putative
events
ofH
G
T
from
bacterialspecies
into
the
oom
ycetes.Three
display
topologies
supporting
a
recent
transferinto
the
Pythium
orPhytopythium
lineage
(Fig.1,2,and
3),w
hile
the
rem
aining
tw
o
supporta
recentH
G
T
into
the
Phythophthora
lineage
(Fig.4
and
5).Below
,w
e
presentand
discuss
each
recent
transfer
individually,
describing
both
the
hypothesis
for
horizontal
inheritance
in
each
phylogenetic
reconstruction
and
the
functionalcharacterization
ofeach
TA
BLE
2
Identification
of
putative
bacterialH
G
T
sequences
in
Phytophthora,Pythium
,and
Phytopythium
G
enus
N
o.of
intergenic
bacterial
hits
N
o.of
O
rthoM
CL
clusters
(no.
of
sequences)
N
o.of
O
rthoM
CL
unclustered
sequences
N
o.of
m
axim
um
likelihood
phylogenies
Putative
no.
of
H
G
T
sequences
Phytophthora
31
22
(28)
3
25
3
Phytopythium
/Pythium
75
16
(59)
23
39
2
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transferred
gene
fam
ily.W
e
also
com
pare
the
placem
ent
of
the
oom
ycete
hom
ologs
in
each
ofthe
five
phylogenies
w
ith
those
ofother
eukaryotic
hom
ologs.This
com
parison
is
im
portantas
w
e
expecttransferred
genes
to
violate
the
species
phylogeny
and
transferred
genes
should
form
sister
clades
w
ith
bacterial
species
rather
than
their
eukaryotic
ho-
m
ologs.Each
transfer
is
also
sum
m
arized
in
Table
3.
A
putative
class
II
fum
arase
distinct
from
Rickettsia
class
II
fum
arase
in
Phytopythium
vexans
and
Pythium
spp.originates
from
bacteria.
A
protein
in
Pythium
ultim
um
var.sporangiiferum
(Table
3)w
as
identified
in
our
BLA
STp
hom
ology
FIG
1
M
axim
um
-likelihood
phylogeny
illustrating
putative
transfer
ofclass
IIfum
arase
from
Caldilinea
aerophila
into
the
Phytopythium
/Pythium
lineage.
Clades
A
,B,and
C
referred
to
in
the
m
ain
textare
highlighted.Selected
bootstrap
supportvalues
are
show
n
atnodes.The
corresponding
fullphylogenetic
trees
w
ith
detailed
clades
can
be
view
ed
in
Fig.S1
in
the
supplem
entalm
aterial.
TA
BLE
3
Sum
m
ary
of
each
putative
bacterium
-oom
ycete
H
G
T
event
Tree
Seed
species
Potential
donor(s)
Identity
(%
)
Putative
function
Secreted
Fig.1
Pythium
ultim
um
Caldilinea
aerophila
56.5
Class
IIfum
arase
N
o
Fig.2
Pythium
aphaniderm
atum
Proteobacteria
54.0
N
m
rA
-like
quinone
oxidoreductase
N
o
Fig.3
Pythium
aphaniderm
atum
Actinobacteria
58.6
SnoaL-like
polyketide
cyclase
Yes
Fig.4
Phytophthora
capsici
M
ethylobacterium
radiotolerans
68.2
Epoxide
hydrolase
N
o
Fig.5
Phytophthora
capsici
Sphingom
onas
59.1
A
lcoholdehydrogenase
N
o
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searches
as
a
candidate
for
an
interdom
ain
H
G
T
event
into
oom
ycete
species.
The
m
axim
um
-likelihood
phylogeny
of
this
protein
fam
ily
w
as
generated
from
a
fam
ily
containing
550
hom
ologs,w
ith
an
LG
"
I"
G
"
F
substitution
m
odel(Fig.1).A
totalof16
bacterial
phyla
w
ere
present
in
this
reconstruction,am
ong
w
hich
Proteobacteria
and
Actinobacteria
w
ere
by
far
the
m
ost
extensively
represented.
A
total
of
26
archaeal
hom
ologs
w
ere
also
present,of
w
hich
allexcept
a
“Candidatus
Caldiarchaeum
subter-
raneum
”
sequence
form
a
m
onophyletic
clade.A
cross
the
eukaryotes,hom
ologs
are
present
in
fungi,anim
als,green
algae,and
the
stram
enopiles.
O
ur
phylogenetic
reconstruction
show
s
a
m
onophyletic
Pythium
/Phytopythium
clade
w
ithin
a
large,predom
inantly
proteobacterialclade
w
ith
99%
bootstrap
support,
adjacent
to
a
hom
olog
from
the
filam
entous
Chloroflexi
species
Caldilinea
aerophila
(Fig.1,clade
A
).Furtherback
along
the
tree,this
greatersubclade
branches
deep
w
ithin
a
large
prokaryotic
clade
w
ith
100%
bootstrap
support
and
contains
three
m
ajor
subclades:
the
aform
entioned
m
ajority-proteobacterial
subclade
containing
Pythium
and
Phytopythium
orthologs,a
halophilic
archaealsubclade,and
a
large
actinobacterial
subclade
containing
110
hom
ologs
(Fig.
1,
clade
B).
Elsew
here,
all
nonoom
ycete
eukaryote
hom
ologs
(w
ith
the
exception
ofan
adjacentsequence
from
the
m
icroscopic
green
alga
O
streococcus
lucim
arinus)
are
placed
in
a
m
onophyletic
eukaryote
clade
containing
52
fungal
hom
ologs,
4
anim
al
hom
ologs,
and
a
hom
olog
from
the
stra-
m
enopile
alga
Aureococcus
anophagefferns
adjacentto
a
clade
containing
19
hom
ologs
from
the
alphaproteobacterial
Rickettsia
genus
(Fig.1,clade
C).The
neighbor-joining
tree
constructed
from
the
BLA
ST
hom
ology
search
of
the
seed
sequence
against
the
N
CBI’s
database
places
the
seed
deep
w
ithin
a
large
prokaryotic
clade
containing
Proteobacteria,Actinobacteria,and
halophilic
and
m
ethanogenic
archaea,in
a
gam
m
a-
proteobacterialsubclade
sim
ilar
to
w
hat
w
e
observed
in
our
phylogenetic
reconstruc-
tion
(not
show
n).
Sequence
analysis
of
the
seed
gene
and
its
flanking
genes
in
the
Pythium
ultim
um
var.sporangiiferum
genom
e
did
not
return
any
obvious
evidence
of
bacterialcontam
-
ination;
the
top
hit
of
the
seed
protein
sequence
against
the
N
CBI
database
w
as
a
C.
aerophila
sequence,
but
the
top
hits
of
both
flanking
protein
sequences
w
ere
Phytophthora
parasitica
hom
ologs
(see
Table
S4
in
the
supplem
entalm
aterial).BLA
ST
hom
ology
searches
against
the
N
CBI
database
found
that
the
seed
sequence
shared
sequence
sim
ilarity
w
ith
m
any
bacterial
class
II
fum
arases,
and
Pfam
analysis
of
the
sequence
identified
tw
o
lyase
dom
ains
and
the
characteristic
fum
C
C
term
inus
ofa
class
II
fum
arase-like
sequence
(see
D
ata
Set
S1).
InterProScan
analysis
identified
further
fum
arase
protein
sequence
signatures
(see
D
ata
Set
S1).
Fum
arase,
also
know
n
as
fum
arate
hydratase
(EC
4.2.1.2),is
an
enzym
e
that
catalyzes
the
reversible
hydration
of
fum
arate
to
(S)-m
alate
in
the
m
itochondrion
in
eukaryotes,
as
a
com
ponent
of
the
tricarboxylic
acid
cycle
(40),and
prom
otion
ofhistone
H
3
m
ethylation
and
D
N
A
repair
in
the
cytosol
(41).There
are
tw
o
classes
of
fum
arase:the
heat-labile
dim
eric
class
I
fum
arases
encoded
by
fum
A
and
fum
B
found
in
prokaryotes
and
the
heat-stable
tetram
eric
class
II
fum
arase
encoded
by
fum
C
found
in
both
prokaryotes
and
eu-
karyotes
(42).
W
hile
associated
w
ith
m
itochondrial
function
in
eukaryotes,
class
II
fum
arases
w
ith
distinct
evolutionary
histories
have
been
detected
in
am
itochondriate
trichom
onads
(43).
The
nature
of
the
conserved
function
of
the
gene
encoding
class
II
fum
arases
in
eukaryotic
respiration
w
ould
suggest
that
this
gene
had
arisen
in
the
nuclear
genom
e
of
Pythium
and
Phytopythium
by
endosym
biotic
gene
transfer
from
the
m
itochondrial
genom
e
(44)
and
hence
w
as
not
a
product
of
recent
transfer.
To
investigate
the
relationship
betw
een
this
putative
horizontally
transferred
fum
arase
and
other
poten-
tial
fum
arase
orthologs
in
the
oom
ycetes,w
e
aligned
the
seed
Pythium
ultim
um
var.
sporangiiferum
sequence
against
20
know
n
oom
ycete
and
230
other
eukaryote
and
prokaryote
class
II
fum
arase
sequences.Sequence
and
phylogenetic
analysis
show
ed
that
it
branches
as
an
outgroup
in
the
corresponding
phylogeny
(not
show
n),suggest-
ing
thatitis
notan
ortholog
ofthe
endosym
biotic
oom
ycete
class
IIfum
arase.Itseem
s
m
ost
parsim
onious
to
suggest,
therefore,
that
this
fum
arase
protein
in
Pythium
and
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Phytopythium
vexans
is
a
class
IIfum
arase
distinctfrom
endosym
biotic
class
IIfum
arase
and
arose
by
a
com
pletely
separate
transferevent,possibly
w
ith
C.aerophila
oranother
Chloroflexi
species
(Sphaerobacter
therm
ophilus,
for
exam
ple)
(Fig.
1).
A
n
interesting
aspect
of
this
phylogeny
is
the
presence
of
a
hom
olog
from
Phytopythium
vexans
branching
w
ith
Pythium
species
and
the
absence
of
Phytophthora
hom
ologs
in
the
phylogeny.Phytopythium
vexans,along
w
ith
otherm
em
bers
ofw
hatw
as
once
Pythium
clade
K,w
as
reclassified
to
the
m
orphologicalinterm
ediate
genus
Phytopythium
,based
on
m
olecular
evidence,w
ith
ribosom
allarge
subunit
(LSU
),internaltranscribed
spacer
(ITS),and
m
itochondrialcytochrom
e
oxidase
1
(CO
1).Furtherm
ore,the
resultant
phy-
logenetic
data
grouped
Phytopythium
and
Phytophthora
as
sister
taxa
w
ith
strong
bootstrap
support
(20).
This
w
ould
suggest
that
the
ancestor
of
the
Phytophthora,
Phytopythium
,and
Pythium
species
obtained
a
bacterialcopy
of
the
class
IIfum
arase
and
thatitw
as
subsequently
lostin
the
Phytophthora
clade.A
lternatively,ifw
e
assum
e
that
rare
events
of
H
G
T
can
act
as
phylogenetic
m
arkers
(3),
it
is
plausible
that
Phytopythium
and
Pythium
are
in
fact
m
ore
closely
related
to
one
another,
to
the
exclusion
of
Phytophthora
species.This
observation
challenges
the
phylogeny
derived
from
traditional
phylogenetic
m
arkers
(20),
and
w
e
suggest
that
the
relationships
betw
een
these
groups
w
arrant
further
exam
ination.
A
putative
proteobacterialN
m
rA
-like
oxidoreductase
is
presentin
m
ultiple
Pythium
species.
A
Pythium
aphaniderm
atum
gene
(Table
3)
w
as
identified
in
our
hom
ology
searches
as
a
candidate
for
bacterial
H
G
T
into
an
oom
ycete
species.
The
m
axim
um
-likelihood
phylogeny
of
this
gene
w
as
constructed
from
a
gene
fam
ily
containing
258
hom
ologs,
w
ith
an
LG
"
I"
G
"
F
substitution
m
odel
(Fig.
2).
A
m
ong
these
hom
ologs,95%
(245
of258)w
ere
bacterial,representing
10
different
phyla.The
m
ajority
of
bacterialhom
ologs
w
ere
from
Proteobacteria,Actinobacteria,or
Firm
icutes
species.O
fthe
13
eukaryote
hom
ologs
present,12
w
ere
from
the
oom
ycetes
and
1
w
as
from
the
fungalspecies
Trichoderm
a
viride
(Fig.2).
In
our
reconstruction,
hom
ologs
(12
in
total)
from
each
Pythium
species
except
Pythium
ultim
um
var.sporangiiferum
form
ed
a
m
onophyletic
subclade
(99%
bootstrap
support)w
ithin
a
70-m
em
ber
clade
w
ith
92%
bootstrap
support.Every
other
m
em
ber
ofthis
clade
except
Trichoderm
a
viride
w
as
bacterial.A
round
30
m
em
bers
ofthis
clade,
m
any
ofw
hich
w
ere
soil-dw
elling
Rhizobales,w
ere
proteobacterial(Fig.2,clade
B).The
Pythium
subclade
branches
w
ith
83%
bootstrap
support
beside
a
sm
allproteobacterial
subclade
thatincludes
tw
o
nitrogen-fixing
species
in
Bradyrhizobium
and
Xanthom
onas
albilineans,the
causative
agent
ofleafscald
disease
in
sugarcane
(45)(Fig.2,clade
A
).
H
om
ology
analysis
ofthe
seed
sequence
and
its
flanking
sequences
in
the
P.aphanider-
m
atum
genom
e
found
no
obvious
evidence
of
bacterialcontam
ination,and
the
seed
sequence
w
as
m
ost
closely
related
to
a
Rubrivivax
gelatinosus
sequence;
how
ever,
flanking
genes
had
top
hits
from
Phytophthora
infestans
(see
Table
S4
in
the
supple-
m
ental
m
aterial).
The
neighbor-joining
phylogeny
generated
from
BLA
ST
hom
ology
searches
ofthe
seed
sequence
againstthe
N
CBI’s
protein
database
also
placed
the
seed
sequence
adjacent
to
a
large
proteobacterialclade
(not
show
n).
BLA
ST
hom
ology
searches
againstthe
N
CBIdatabase
found
thatthe
seed
sequence
shared
hom
ology
w
ith
bacterial
nucleotide-sugar
epim
erases
and
N
A
D
(P)-binding
proteins.
Pfam
analysis
of
the
sequence
found
the
characteristic
Rossm
ann
fold
of
N
A
D
(P)-binding
proteins
(see
D
ata
Set
S1
in
the
supplem
ental
m
aterial),w
hile
Inter-
ProScan
analysis
found
N
m
rA
-like
fam
ily
and
quinone
oxidoreductase
2
subfam
ily
PA
N
TH
ER
signatures
(see
D
ata
Set
S1).N
m
rA
is
a
N
A
D
(P)-binding
negative
transcrip-
tional
regulator,
involved
in
the
regulation
of
nitrogen
m
etabolite
repression
(N
M
R)
genes
in
fungi,
w
hich
suppress
m
etabolic
pathw
ays
for
secondary
nitrogen
sources
w
hen
preferred
sources
like
am
m
onium
and
glutam
ine
are
available
(46).
Such
a
m
etabolic
system
has
notbeen
described
in
oom
ycetes
to
date.The
PA
N
TH
ER
quinone
oxidoreductae
subfam
ily
(47)to
w
hich
this
transferred
gene
belongs
(PTH
R14194:SF73)
includes
eukaryotic
orthologs
from
Pezizom
ycotina,M
onosiga
brevicollis
and
D
ictyoste-
lium
spp.,
Phytophthora
infestans
and
Physcom
itrella
patens,
and
bacterial
orthologs
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from
m
ultiple
lineages.A
m
ong
these
orthologs
is
qorB
in
Escherichia
coliK-12,w
hich
has
redox
activity
on
N
A
D
(P)H
using
quinone
as
an
acceptor
(48).
O
urphyogenetic
reconstruction
ofthis
Pythium
aphaniderm
atum
gene
supports
the
hypothesis
of
the
transfer
of
this
gene
into
Pythium
spp.from
a
soil-dw
elling
proteo-
bacterium
(Fig.
2),
either
the
phototrophic
betaproteobacterial
species
Rhodoferax
ferrireducens/Rubrivivax
gelatinosus
or
the
phytopathogenic
gam
m
aproteobacterium
Xanthom
onas
albilineans.Species
related
to
X.albilineans
and
R.ferrireducens,w
ithin
Xanthom
onadales
and
Com
am
onadaceae,respectively,have
been
identified
in
previous
studies
as
endohyphal
bacteria,
hypha-dw
elling
endosym
bionts
of
endophytic
fungi
(49,50).It
is
not
currently
know
n
w
hethersuch
bacteria
can
also
inhabit
the
hyphae
of
oom
ycetes
and
thus
consequently
provide
favorable
conditions
for
potentialinterdo-
m
ain
H
G
T.This
transferred
gene
m
ay
be
a
N
A
D
(P)H
-binding
quinone
oxidoreductase
(EC
1.6.5.2)
and
potentially
has
cytosolic
redox
activity
in
Pythium
spp.
FIG
2
M
axim
um
-likelihood
phylogeny
illustrating
putative
transfer
of
N
m
rA
-like
quinone
oxidoreductase
from
Proteobacteria
into
Pythium
spp.Clades
A
and
B
referred
to
in
the
m
ain
text
are
highlighted.Selected
bootstrap
support
values
are
show
n
at
nodes.The
corresponding
fullphylogenetic
trees
w
ith
detailed
clades
can
be
view
ed
in
Fig.S2
in
the
supplem
entalm
aterial.T.atroviride,Trichoderm
a
atroviride.
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SnoaL-like
proteins
from
soil-dw
elling
bacteria
are
putative
m
em
bers
of
the
secretom
e
of
m
ultiple
Pythium
species.A
second
gene
from
P.aphaniderm
a-
tum
(Table
3)
w
as
identified
in
our
BLA
STp
hom
ology
searches
as
a
candidate
for
bacterial
H
G
T
into
an
oom
ycete
species.
The
m
axim
um
-likelihood
phylogeny
of
this
gene
w
as
generated
from
a
gene
fam
ily
containing
103
hom
ologs
constructed
w
ith
a
W
A
G
"
I"
G
substitution
m
odel
(Fig.
3).
Seven
bacterial
phyla
are
present
in
this
reconstruction,along
w
ith
Pythium
and
the
fungalparasite
Enterocytozoon
bieneusi,and
53%
of
the
hom
ologs
(55
of
103)
com
e
from
proteobacterialspecies.
The
m
axim
um
-likelihood
phylogenetic
reconstruction
places
17
Pythium
hom
ologs
(w
ith
m
ultiple
paralogs
in
each
species
except
P.aphaniderm
atum
and
no
hom
olog
in
P.arrhenom
anes)deep
w
ithin
a
93-m
em
berclade
containing
m
any
typicalsoil-dw
elling
proteobacterial
and
actinobacterial
species
(Fig.
3,
clade
B)
w
ith
100%
bootstrap
support.The
Pythium
subclade
(Fig.3,clade
A
)
is
adjacent
to
a
clade
containing
four
orthologs
from
M
ycobacterium
sm
egm
atis.The
only
other
eukaryote
hom
olog
in
our
analysis
(E.bieneusi)is
placed
in
a
separate
subclade
containing
Rhizobales
species
w
ith
95%
bootstrap
support,indicative
of
a
separate
independent
H
G
T
event
(Fig.3,clade
C).H
om
ology
analysis
of
the
seed
sequence
and
its
adjacent
sequences
returned
no
FIG
3
M
axim
um
-likelihood
phylogeny
illustrating
putative
transfer
of
SnoaL-like
polyketide
cyclase
from
Actinobacteria
into
Pythium
spp.Clades
A
,B,
and
C
referred
to
in
the
m
ain
text
are
highlighted.Selected
bootstrap
support
values
are
show
n
at
nodes.The
corresponding
fullphylogenetic
trees
w
ith
detailed
clades
can
be
view
ed
in
Fig.S3
in
the
supplem
entalm
aterial.
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evidence
ofbacterialcontam
ination.The
sequences
ofboth
flanking
genes
are
hom
ol-
ogous
to
sequences
in
other
oom
ycetes,and
the
seed
sequence’s
highest
degree
of
hom
ology
w
as
w
ith
a
Streptom
yces
yerevanensis
sequence
(see
Table
S4
in
the
supple-
m
entalm
aterial).
BLA
ST
hom
ology
searches
of
the
seed
sequence
found
num
erous
instances
of
hom
ology
w
ith
bacterialSnoaL-like
polyketide
cyclases.Pfam
and
InterProScan
analysis
of
the
sequence
identified
tw
o
SnoaL-like
dom
ains
and
a
num
ber
of
signal
peptide
signatures
w
ithin
the
N
-term
inaldom
ain
(see
D
ata
SetS1
in
the
supplem
entalm
aterial).
Polyketide
cyclases
are
enzym
atic
com
ponents
ofthe
synthesis
ofarom
atic
polyketide
com
pounds
from
carboxylic
acids
in
bacteria
and
fungi.Polyketides
are
best
charac-
terized
by
the
m
edicinally
useful
secondary
m
etabolites
produced
by
various
Actino-
bacteria
genera,such
as
the
antitum
ourigenic
anthracyclines
from
Streptom
yces
species
(51).Biochem
ically,polyketide
cyclases
catalyze
the
intram
olecular
cyclization
of
poly-
!
-ketone
chain
interm
ediates
to
form
the
core
planar
polyarom
atic
structures
of
polyketides,w
hich
are
then
subjectto
laterfunctionalization.In
the
biosynthesis
ofthe
anthracycline
nogalam
ycin
in
Streptom
yces
nogalater,the
polyketide
cyclase
SnoaL
(EC
5.5.1.26)catalyzes
ring
closure
ofa
polyarom
atic
nogalam
ycin
precursor
through
aldol
condensation
(52).
The
m
axim
um
-likelihood
phylogenetic
reconstruction
ofthis
transferevent
appears
to
support
the
transferofthis
putative
SnoaL-like
protein
into
a
Pythium
ancestorfrom
a
proteobacterialor
actinobacterialdonor
(Fig.3).Sim
ilarly,the
neighbor-joining
tree
generated
from
the
hom
ology
search
againstN
CBI’s
nonredundantdatabase
places
the
P.aphaniderm
atum
seed
sequence
w
ithin
a
large
proteobacterial
and
actinobacterial
clade
(not
show
n).The
SignalP
(53)
and
TargetP
(54)
analyses
both
indicated
that
the
protein
contains
a
25-reside-long
signal
peptide
sequence
at
its
N
term
inus
w
ith
a
discrim
ination
score
(used
to
distinguish
betw
een
signaland
nonsignalpeptides)w
ell
above
the
default
cutoffvalue
and
thus
identified
the
protein
as
part
ofthe
secretom
e
of
P.aphaniderm
atum
.Therefore,this
putative
SnoaL-like
protein
m
ay
have
arisen
in
Pythium
species
through
horizontaltransferfrom
an
Actinobacteria
species
and
m
ay
be
a
putative
com
ponent
of
the
secretom
e
of
Pythium
species.It
is
w
orth
noting
that
no
polyketide
synthase
genes
have
been
detected
in
m
odelPhytophthora
genom
es
and
that,in
general,oom
ycetes
rely
m
ore
on
toxic
effector
proteins
than
on
toxic
sm
all-
m
olecule
secondary
m
etabolites
for
necrotrophic
grow
th
(55,56).The
presence
ofthis
putative
SnoaL-like
protein
in
m
ultiple
copies
in
m
ost
of
the
Pythium
species
that
w
e
investigated
suggests
an
additionalm
ethod
of
phytopathogenic
infection
w
hich
m
ay
be
novelto
Pythium
or
w
hich
m
ay
have
been
subsequently
lost
in
Phytophthora.
A
putative
hydrolase
from
xenobiotic-degrading
rhizosphere
proteobac-
teria
is
presentin
Phytophthora
capsici.A
gene
from
Phytophthora
capsici(Table
3)
w
as
identified
in
our
BLA
STp
hom
ology
searches
as
a
candidate
for
bacterial
H
G
T.A
m
axim
um
-likelihood
phylogeny
w
as
generated
from
253
hom
ologs
using
a
W
A
G
"
G
substitution
m
odel.Eight
bacterial
phyla
are
represented
in
our
reconstruction,w
ith
the
m
ajority
ofhom
ologs
com
ing
from
eitherproteobacterialoractinobacterialspecies.
A
totalof
57
fungalhom
ologs
and
3
paralogs
from
Physcom
itrella
patens
(earthm
oss)
form
a
m
onophyletic
eukaryotic
clade
(Fig.4,clade
B).O
ur
m
axim
um
-likelihood
phy-
logenetic
tree
placed
tw
o
hom
ologs
from
P.capsiciadjacent
to
a
hom
olog
from
the
alphaproteobacterium
M
ethylobacterium
radiotolerans
w
ithin
a
bacterialclade
contain-
ing
Acidobacteria
and
a
num
ber
of
soil-borne
or
plant-epiphytic
Proteobacteria
(Fig.4,
clade
A
).
BLA
STp
analysis
aligned
the
seed
sequence
w
ith
an
ortholog
from
the
nitrogen-fixing
proteobacterium
Azotobacter
vinelandii.A
s
there
is
only
one
Phytoph-
thora
species
represented
in
this
phylogeny,w
e
carefully
exam
ined
the
sequence
ofthe
contig
to
rule
out
a
bacterial
contam
ination
artifact
in
the
P.
capsici
genom
e.
A
ll
flanking
genes
w
ere
from
Phytophthora
spp.,
thereby
giving
us
confidence
that
this
represents
a
bona
fide
H
G
T
event
(see
Table
S4
in
the
supplem
entalm
aterial).Further-
m
ore,the
phylogeny
generated
after
hom
ology
searches
against
the
N
CBI
database
placed
the
seed
sequence
w
ithin
a
large
proteobacterialclade
(not
show
n).
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A
s
the
levels
of
bootstrap
support
for
m
any
of
the
m
ore
derived
branches
and
clades
in
our
phylogeny,including
the
bacterialclade
containing
P.capsicihom
ologs,
w
ere
w
eak
(#
50%
),w
e
generated
a
m
edian
phylogenetic
netw
ork
ofallsplits
in
the
set
of
individual
bootstrap
trees
generated
by
PhyM
L
in
our
reconstruction
using
a
consensus
netw
ork
m
ethod
in
SplitsTree
(57).This
consensus
netw
ork
(see
Fig.S5
in
the
supplem
ental
m
aterial)
places
the
tw
o
P.
capsici
hom
ologs
at
the
base
of
the
large
m
onophyletic
bacterial
clade,
clearly
separate
from
the
fungal
and
plant
hom
ologs.
W
ith
this
analysis,
w
e
w
ere
satisfied
that
the
phylogeny
represented
a
bona
fide
bacterium
-oom
ycete
H
G
T
event.
BLA
ST
hom
ology
searches
of
the
seed
sequence
against
the
N
CBI
database
indi-
cated
thatthe
sequence
w
as
hom
ologous
to
those
associated
w
ith
bacterialhydrolases.
Pfam
analysis
found
a
large
"
/!
hydrolase
fold
dom
ain
present
in
the
sequence,and
InterProScan
analysis
returned
a
num
ber
of
"
/!
hydrolase
fam
ily
PA
N
TH
ER
signatures,
as
w
ell
as
epoxide
hydrolase
PRIN
TS
(58)
signatures,
across
the
sequence
(see
D
ata
FIG
4
M
axim
um
-likelihood
phylogeny
illustrating
putative
transfer
ofepoxide
hydrolase
from
M
ethylobacterium
radiotolerans
into
Phytophthora
capsici.
Clades
A
and
B
referred
to
in
the
m
ain
text
are
highlighted.Selected
bootstrap
support
values
are
show
n
at
nodes.The
corresponding
fullphylogenetic
trees
w
ith
detailed
clades
can
be
view
ed
in
Fig.S4A
in
the
supplem
entalm
aterial.
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Set
S1
in
the
supplem
ental
m
aterial).
Epoxide
hydrolases
(EC
3.3.2.3)
catalyze
the
dihydroxylation
ofepoxide
residues
to
diols
and
are
am
ong
the
m
em
bers
ofa
num
ber
ofprotein
fam
ilies
thatcontain
an
"
/!
hydrolase
fold
(59).Bacterialepoxide
hydrolases
are
capable
ofdegradation
ofxenobiotic
organic
com
pounds
(60,61).The
structurally
related
haloalkane
dehalogenases
(EC
3.8.1.5),w
hich
can
hydrolyze
toxic
haloalkanes
into
their
corresponding
alcohol
and
organic
halide
com
ponents
in
the
cytosol,
are
w
idespread
in
soilbacteria
(62).It
is
interesting
that
strains
ofM
.radiotolerans
isolated
from
Cucurbita
pepo
roots,w
hich
is
also
a
targetforP.capsici,are
capable
ofdegrading
xenobiotic
1,1-bis-(4-chlorophenyl)-2,2-dichloroethene
(D
D
E)(63).D
D
E
is
a
highly
toxic
and
highly
recalcitrantm
ajorm
etabolite
ofthe
degradation
ofthe
toxic
organochloride
pesticide
1,1,1-trichloro-2,2-bis(p-chlorophenyl)ethane
(D
D
T),
w
hich
saw
w
idespread
use
for
m
ost
of
the
20th
century
(64).
O
ur
m
axim
um
-likelihood
phylogenetic
reconstruction
suggests
that
this
putative
hydrolase
gene,w
hich
has
tw
o
copies
in
P.capsici,arose
through
horizontaltransfer
from
soil-dw
elling
bacteria,
potentially
from
M
.
radiotolerans
(Fig.
4).
H
om
ology
and
functional
analysis
of
the
seed
H
G
T
gene
indicates
that
these
tw
o
paralogs
contain
hydrolase
folds.The
tw
o
paralogs
in
P.capsiciare
som
ew
hatdissim
ilaratthe
nucleotide
level;
one
appears
to
contain
both
peptidase
and
"
/!
hydrolase
dom
ains
and
is
far
m
ore
exonic
than
the
seed
H
G
T
gene
(see
Table
S1
in
the
supplem
entalm
aterial).This
putative
transferred
gene
m
ay
have
a
potential
cytosolic
role
in
the
degradation
of
toxic
xenobiotic
com
pounds
in
P.capsici.To
date,descriptions
of
xenobiotic
degrada-
tion
orresistance
in
oom
ycetes
have
been
sparse
in
the
literature;w
hatis
know
n
is
that
few
oom
ycete
cytochrom
e
P450
proteins
(CYPs)
appear
to
be
involved
in
xenobiotic
degradation
com
pared
w
ith
fungalCYPs
(65,66)and
thatPhytophthora
infestans
has
far
a
low
er
proportion
ofm
ajor
facilitator
superfam
ily
(M
FS)transport
proteins
involved
in
efflux
than
m
any
fungaltype
species
do
(67).A
s
such,this
acquisition
m
ay
be
a
novel
event
in
the
context
of
plant-parasitic
oom
ycete
genom
e
evolution.
Sphingom
onadale
alcoholdehydrogenase
is
present
in
five
Phytophthora
species.
A
second
P.
capsici
gene
(Table
3)
w
as
identified
in
our
BLA
STp
hom
ology
searches
as
a
candidate
for
interdom
ain
H
G
T.
O
ur
phylogenetic
reconstruction
used
358
hom
ologs
w
ith
an
LG
"
I"
G
substitution
m
odel
(Fig.5).N
ine
bacterial
phyla
are
represented
in
this
reconstruction,the
m
ajority
ofw
hich
are
hom
ologs
from
Firm
icutes
species,and
23%
(84
of
358)
of
the
hom
ologs
are
of
eukaryotic
origin.A
nim
al,plant,
and
38
fungalhom
ologs
form
a
eukaryote
m
onophyletic
clade
(Fig.5,clade
B).A
total
of
27
of
the
rem
aining
28
fungalhom
ologs
form
a
separate
subclade
(Fig.5,clade
C)
alm
ostentirely
com
prised
ofhom
ologs
from
Ascom
ycotes
exceptfortw
o
paralogs
from
the
Basidiom
ycota
species
Phlebiopsis
gigantea,w
hile
Batrachochytrium
dendrobatidis
is
placed
w
ithin
an
adjacent
Firm
icutes
subclade.
O
urm
axim
um
-likelihood
phylogeny
inferred
a
m
onophyletic
Phytophthora
subclade
w
ith
seven
hom
ologs
from
five
species
(excluding
P.lateralis
and
P.parasitica)
w
ithin
an
alphaproteobacterial
Sphingom
onadale
subclade
w
ith
100%
bootstrap
support
(Fig.
5,
clade
A
).
H
om
ology
data
for
the
seed
sequence
and
its
adjacent
sequences
w
ithin
the
P.
capsici
genom
e
from
JG
I
show
ed
no
obvious
evidence
of
bacterial
contam
ination
at
the
genom
ic
level,as
neither
of
the
flanking
genes
w
as
bacterialin
origin
(see
Table
S4
in
the
supplem
entalm
aterial).
BLAST
hom
ology
searches
of
the
seed
sequence
returned
hits
from
m
any
bacterial
alcohol
dehydrogenase
proteins.
Pfam
and
InterProScan
analysis
of
the
seed
sequence
found
thatitcontained
the
hallm
ark
signaturesofa
m
edium
-chain
Zn
2
"
-containing
alcohol
dehydrogenase:an
N
term
inus
containing
the
conserved
Zn
2
"
active
site,the
conserved
G
roES-like
fold,and
the
N
AD
(P)-binding
Rossm
ann
fold
(see
D
ata
SetS1
in
the
supplem
en-
talm
aterial).Alcoholdehydrogenases(EC
1.1.1.1)catalyze
the
N
AD
(P)-dependentreversible
oxidation
of
alcohols
to
aldehydes
or
ketones.
In
m
ost
prokaryotes,
fungi,
and
plants,
alcoholdehydrogenase
is
responsible
for
the
reversed
regeneration
of
N
AD
"
in
ferm
en-
tation
forglycolysis
from
the
reduction
ofN
AD
H
and
acetaldehyde
to
N
AD
"
and
ethanol.
The
high
concentration
ofFirm
icutesand
fungalhom
ologs
in
ourreconstruction
underlines
the
enzym
e’s
im
portant
role
in
anaerobic
Clostridia
and
fungi.
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P.sojae
infection
ofsoybean
found
abundant
m
atches
for
alcoholdehydrogenase
genes,
am
ong
otherinterm
ediary
m
etabolic
genes
differently
expressed
in
hosttissue,suggesting
that
alcoholferm
entation
is
an
im
portant
part
of
the
catabolism
of
P.sojae
in
the
early
stages
ofgrow
th
inside
host
tissue
(68).
The
m
axim
um
-likelihood
phylogenetic
reconstruction
perform
ed
for
these
putative
Phytophthora
alcoholdehydrogenase
proteins
supports
the
notion
ofa
putative
trans-
fer
from
the
alphaproteobacterialSphingom
onadales
(Fig.5).Sim
ilarly,the
phylogeny
generated
in
querying
the
seed
sequence
against
the
N
CBI’s
nonredundant
protein
database
placed
the
seed
sequence
w
ithin
a
sm
all
Phytophthora
subclade
that
w
as
found
w
ithin
a
larger
Sphingobium
and
N
ovosphingobium
clade
(not
show
n).
W
e
therefore
propose
thatthis
alcoholdehydrogenase,found
in
a
num
berofPhytophthora
species,arose
in
these
species
via
recent
transfer
ofthe
gene
from
Sphingom
onadales.
Im
pact
and
extent
ofbacterialgenes
in
oom
ycete
evolution.U
sing
stringent
criteria,our
analysis
has
found
five
putative
gene
fam
ilies
in
oom
ycete
species
that
have
been
acquired
through
horizontal
transfer
from
bacteria.All
five
transfer
events
involve
FIG
5
M
axim
um
-likelihood
phylogeny
illustrating
putative
transfer
of
alcoholdehydrogenase
from
Sphingom
ondales
into
Phytophthora
spp.Clades
A
,
B,and
C
referred
to
in
the
m
ain
text
are
highlighted.Selected
bootstrap
support
values
are
show
n
at
nodes.The
corresponding
fullphylogenetic
trees
w
ith
detailed
clades
can
be
view
ed
in
Fig.S4B
in
the
supplem
entalm
aterial.
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genes
coding
for
proteins
w
ith
putative
enzym
atic
functions
in
their
respective
species;
som
e
ofour
findings,particularly
w
ith
respect
to
the
putative
epoxide
hydrolase
gene
in
Phytophthora
capsici,
appear
to
represent
novel
evolutions,
and
som
e,
particularly
w
ith
respect
to
the
fum
arase
and
alcoholdehydrogenase
fam
ilies,com
plem
ent
those
found
in
otheranalysesofH
G
T
in
oom
ycete
genom
es.M
any
ofthe
inter-and
intradom
ain
H
G
T
gene
fam
ilies
identified
in
oom
ycete
genom
es
to
date
are
proteins
w
ith
a
putative
carbohydrate
m
etabolism
function
(16);in
the
m
ost
extensive
study
ofH
G
T
into
oom
ycete
genom
es
to
date,Richards
etal.(23)found
13
secreted
proteins
am
ong
the
34
potentialfungalevents
ofH
G
T
in
oom
ycetes
that
could
be
assigned
w
ith
such
a
function.O
fthe
seven
bacterial
events
ofH
G
T
identified
in
oom
ycete
species
priorto
ouranalysis
(16),m
ostw
ere
found
in
analyses
of
Saprolegniales
species
(21,22)
and,w
here
function
could
be
assigned,w
ere
thought
to
be
involved
in
carbohydrate
m
etabolism
also.
The
bacterially
derived
enzym
es
identified
in
oom
ycete
species
could
have
poten-
tially
found
them
selves
m
ore
am
enable
to
transfer
and
subsequent
retention
in
oo-
m
ycete
genom
es
due
to
theirrelative
low
connectivity
w
ithin
a
protein-protein
interaction
netw
ork,a
significantfactorin
the
influence
ofthe
“com
plexity
hypothesis”on
H
G
T
(69,70).
The
relatively
low
num
ber
of
bacterium
-oom
ycete
events
of
H
G
T
identified
in
this
study
and
elsew
here
in
the
literature,in
com
parison
w
ith
othersuch
studies
ofinterdom
ain
H
G
T,
in
fungi(8),for
exam
ple,m
ay
be
partially
explained
by
the
paucity
ofoom
ycete
genom
ic
data
overalland
the
lack
ofdata
form
ore
basallineages
in
particular(12).Furtherm
ore,our
analysis
w
as
designed
specifically
to
identify
recent
events
of
H
G
T
in
individual
plant-
parasitic
oom
ycete
lineages,as
opposed
to
ancient
transfers
into
the
class
as
a
w
hole
or
even
into
the
greaterstram
enopiles
group.Future
analyses,facilitated
by
a
greateram
ount
ofoom
ycete
genom
ic
data,m
ay
identify
m
ore
instancesofeitherbacterium
-oom
ycete
H
G
T
to
specific
lineages
or
ancient
transfers
into
the
class.
Conclusions.U
sing
m
ethods
sim
ilar
to
those
that
have
previously
identified
intra-
dom
ain
H
G
T
betw
een
fungiand
Phytophthora
(23),w
e
have
identified
five
interdom
ain
events
ofH
G
T
betw
een
bacteria
and
plant-pathogenic
oom
ycetes
(Table
3).O
fthe
five
putative
bacterium
-oom
ycete
H
G
T
genes
that
w
e
have
identified
(Table
3),
one
has
signal
peptide
signatures
and
subcellular
localization
m
atches
that
indicate
that
it
is
part
of
the
oom
ycete
secretom
e.The
putative
SnoaL-like
protein
m
ay
be
a
secreted
transport
protein
or
involved
in
production
of
other
com
ponents
of
the
Pythium
secretom
e.
A
class
II
fum
arase
distinct
from
the
endosym
biosis-derived
fum
arase
is
present
in
Pythium
and
Phytopythium
,
and
a
proteobacterial
alcohol
dehydrogenase
gene
is
present
in
m
ultiple
Phytophthora
species
(see
Table
S1
in
the
supplem
ental
m
aterial).
The
rem
aining
tw
o
transferred
genes
m
ay
have
m
ore
regulatory
cytosolic
roles
in
theirrespective
oom
ycetes
species
(Table
3),such
as
regulation
ofredox
activity
and
neutralization
oftoxic
xenobiotics.O
ur
analysis
show
s
that
the
transfer
ofgenetic
m
aterial
from
bacteria
into
oom
ycete
lineages
is
rare
but
has
occurred
and
that
it
is
another
exam
ple
of
cases
of
H
G
T
betw
een
prokaryotes
and
eukaryotes.
M
A
TERIA
LS
A
N
D
M
ETH
O
D
S
D
ata
set
assem
bly.
The
predicted
proteom
es
for
seven
Phytophthora
species
(P.
capsici,
P.
infestans,
P.kernoviae,P.lateralis,P.parasitica,P.ram
orum
,and
P.sojae),Phytopythium
vexans,and
six
Pythium
species
(P.
aphaniderm
atum
,
P.
arrhenom
anes,
P.
irregulare,
P.
iw
ayam
i,
Pythium
ultim
um
var.
sporan-
giiferum
,and
P.ultim
um
var.ultim
um
)
w
ere
analyzed
for
possible
bacterium
-oom
ycete
H
G
T
events.To
ensure
a
broad
taxon
sam
pling
forthe
oom
ycetesasa
w
hole,w
e
dow
nloaded
allavailable
oom
ycete
genom
e
data
from
public
databases.
The
predicted
proteom
es
of
the
Peronosporales
species
H
yaloperonospora
arabidopsidis(71)and
Albugo
laibachii(72);the
predicted
proteom
es
ofthe
Saprolegnialesspecies
Saprolegnia
parasitica
(26),Saprolegnia
diclina,Aphanom
yces
invadans,and
Aphanom
yces
astaci(Broad
Institute);and
the
secretom
esofthe
Saprolegnialesspecies
Achyla
hypogyna
and
Thraustotheca
clavata
(27)w
ere
included
in
our
localdatabase.To
cover
taxon
sam
pling
ofthe
stram
enopiles,the
predicted
proteom
es
ofthe
tw
o
diatom
s
Phaeodactylum
tricornutum
and
Thalassiosira
pseudonana
(29,73)and
ofthe
alga
Aureococcus
anophageffe-
rens
(74)w
ere
also
included.In
addition
to
ouroocym
ete
and
stram
enopile
data,ourdatabase
contained
all
available
nonredundant
prokaryotic
protein
data.
To
construct
this
portion
and
reduce
redundancy,
a
representative
genom
e
from
each
prokaryotic
species
in
the
fullN
CBIG
enBank
database
(75)w
as
included.
In
total,justunder5
m
illion
protein
sequences
from
1,486
prokaryotic
genom
es
w
ere
retained.M
ore
than
3
m
illion
sequences
from
212
eukaryotic
nuclear
genom
es,sam
pling
a
diverse
range
of
anim
al,plant,and
fungallineages,w
ere
included
(see
D
ata
Set
S1
in
the
supplem
entalm
aterial).
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Identification
of
putative
bacterium
-oom
ycete
H
G
T
events.
O
ur
m
ethods
for
identifying
candi-
date
bacterialH
G
T
genes
follow
ed
those
of
Richards
et
al.(23)
in
their
analysis
of
fungalH
G
T
genes
in
the
oom
ycetes.Repetitive
and
transposable
elem
ents
w
ere
identified
and
rem
oved
from
each
Phytoph-
thora
and
Phytopythium
/Pythium
proteom
e
by
perform
ing
hom
ology
searches
against
Repbase
(76)
by
the
use
of
tBLA
STn
(77,34)
w
ith
an
E
value
cutoff
of
10
!
2
0
(Table
4).The
rem
aining
protein
sequences
in
each
oom
ycete
proteom
e
w
ere
then
further
filtered
and
clustered
into
groups
of
paralogs
using
O
rthoM
CL
(33),w
ith
an
E
value
cutoff
of
10
!
2
0
and
an
inflation
value
of
1.5
(Table
4).Representative
sequences
from
each
group
of
paralogs,
along
w
ith
unclustered
singleton
sequences,
w
ere
retrieved
from
their
respective
proteom
es.These
sequences
w
ere
then
queried
against
our
localdatabase
using
BLA
STp
w
ith
an
E
value
cutoff
of
10
!
2
0.
U
sing
bespoke
python
scripting,w
e
identified
106
genes
w
hose
hom
ology
supported
a
bacterialtransfer
into
an
individualoom
ycete
lineage
(encoding
proteins
w
hose
firsthitoutside
theirow
n
genus
w
as
bacterial)
and
retrieved
them
fora
second
round
ofO
rthoM
CL
clustering
to
rem
ove
redundancy
in
ourdatasetsforeach
genus
(Table
4).Allretrieved
protein
sequences
w
ere
clustered
into
groups
oforthologs
using
O
rthoM
CL
w
ith
an
E
value
cutoffof10
!
2
0
and
an
inflation
value
of1.5
(Table
2).A
totalof64
representative
and
singleton
sequences
from
these
datasets
w
ere
then
queried
against
our
localdatabase
using
BLASTp
w
ith
an
E
value
cutoffof10
!
2
0
and
an
arbitrary
lim
itform
axim
um
hits
perquery
sequence.The
corresponding
gene
fam
ily
for
each
candidate
H
G
T
gene
w
as
constructed
from
our
BLASTp
results.
Phylogenetic
reconstruction
of
putative
bacterium
-oom
ycete
H
G
T
events.
A
totalof
64
candi-
date
H
G
T
gene
fam
ilies
w
ere
aligned
using
M
U
SCLE
(78),and
best-fit
am
ino
acid
replacem
ent
m
odels
w
ere
selected
for
each
alignm
ent
using
ProtTest
(38).M
axim
um
-likelihood
phylogenetic
reconstruction
for
each
alignm
ent
w
as
carried
out
using
PhyM
L
(79)
w
ith
100
bootstrap
replicates.Each
phylogenetic
tree
w
as
visualized
and
annotated
w
ith
G
enBank
data
using
bespoke
python
scripting
and
iTO
L
(80).
A
dditionalphylogenetic
analysis
using
consensus
netw
ork
m
ethods
w
as
carried
outusing
SplitsTree
(57).
A
nalysis
of
bacterialcontam
ination
and
taxon
sam
pling
in
putative
bacterium
-oom
ycete
H
G
T
fam
ilies.Seed
genes
and
their
directly
adjacent
gene
w
ere
exam
ined
for
their
particular
hom
ology
to
determ
ine
w
hether
candidate
H
G
T
genes
w
ere
not
sim
ply
the
result
of
bacterial
contam
ination
of
genom
es
along
particular
contigs
or
scaffolds.For
each
seed
gene
arising
from
P.capsici,the
genom
ic
location
of
that
gene
w
as
identified
by
querying
its
corresponding
protein
sequence
against
the
JG
I
P.capsicidatabase
( http://genom
e.jgi.doe.gov/PhycaF7)
using
tBLA
STn
w
ith
an
E
value
cutoff
of
10
!
4.
H
om
ology
data
foreach
seed
gene
and
theiradjacentgenes
w
ere
provided
by
the
JG
IP.capsicigenom
e
brow
ser
(see
Table
S4
in
the
supplem
entalm
aterial).For
each
Pythium
seed
gene,the
genom
ic
location
of
the
gene
w
as
identified
by
querying
the
corresponding
protein
sequence
against
the
genom
ic
scaffolds
of
the
source
species
using
tBLA
STn
w
ith
an
E
value
cutoff
of
10
!
4,and
then
the
seed
gene’s
corresponding
protein
sequence
and
its
tw
o
adjacentprotein
sequences
w
ere
queried
againstthe
N
CBI’s
nonredundant
protein
sequence
database
using
BLA
STp
w
ith
an
E
value
cutoff
of
10
!
2
0
(see
Table
S4).
For
studies
of
H
G
T
in
eukaryotes,
particularly
transfer
betw
een
prokaryotes
and
eukaryotes,
it
is
essentialthat
genom
ic
data
cover
as
broad
a
range
of
taxa
as
possible
to
prevent
as
m
uch
as
possible
the
introduction
ofbias
into
analysis
and
thus
reduce
the
likelihood
ofobtaining
false
transferevents
(36,
37).Com
parison
ofthe
taxon
sam
pling
in
our
database
w
ith
the
N
CBIdata
w
as
perform
ed
by
searching
each
seed
gene’s
protein
sequence
against
the
N
CBI
nonredundant
protein
sequence
database
using
BLA
STp
w
ith
an
E
value
cutoffof10
!
2
0.The
seed
sequence
and
its
hom
ologs
w
ere
aligned
in
M
U
SCLE,
neighbor-joining
trees
w
ere
constructed
in
Q
uickTree
(81)using
100
bootstrap
replicates,and
each
tree
w
as
annotated
w
ith
G
enBank
data
using
bespoke
python
scripting
(not
show
n).M
axim
um
-likelihood
H
G
T
phylogenies
w
hose
topology
conflicted
substantially
w
ith
theircorresponding
neighbor-joining
tree
due
to
differences
in
taxon
sam
pling
w
ere
excluded
from
further
analysis.
Characterization
and
functionalannotation
of
putative
bacterium
-oom
ycete
H
G
T
fam
ilies.For
the
rem
aining
putative
H
G
T
fam
ilies,
bespoke
python
scripting
w
as
used
to
calculate
the
sequence
length,G
C
content,and
exon
num
berofeach
oom
ycete
gene
present.The
average
sequence
length,G
C
TA
BLE
4
Identification
of
sequences
w
ith
high
bacterialhom
ology
corresponding
to
candidate
events
of
H
G
T
w
ithin
oom
ycete
genom
es
Proteom
e
Initialsize
(no.of
genes)
Size
after
Repbase
filtering
(no.of
genes)
N
o.of
O
rthoM
CL
clusters
(no.of
sequences)
N
o.of
O
rthoM
CL
unclustered
sequences
N
o.of
intergenic
bacterialhits
Phytophthora
capsici
19,805
16,169
1,732
(8,879)
7,290
6
Phytophthora
infestans
18,140
17,013
2,032
(9,459)
7,553
2
Phytophthora
kernoviae
10,650
10,435
750
(3,244)
7,016
0
Phytophthora
lateralis
11,635
10,539
880
(4,110)
6,337
14
Phytophthora
parasitica
20,822
18,640
2,084
(10,153)
8,437
2
Phytophthora
ram
orum
15,743
13,403
1,639
(7,839)
5,564
5
Phytophthora
sojae
26,584
22,210
2,418
(13,544)
8,666
2
Phytopythium
vexans
11,958
11,634
1,097
(4,932)
6,702
7
Pythium
aphaniderm
atum
12,312
12,002
1,144
(5,129)
6,873
11
Pythium
arrhenom
anes
13,805
13,224
1,221
(5,647)
7,577
18
Pythium
irregulare
13,805
13,297
1,214
(5,888)
7,409
6
Pythium
iw
ayam
i
14,875
14,279
1,303
(6,185)
8,094
6
Pythium
ultim
um
var.sporangiiferum
14,096
13,915
917
(4,208)
9,707
13
Pythium
ultim
um
var.ultim
um
15,323
14,780
1,305
(6,661)
8,119
14
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content,
and
exon
num
ber
for
each
Phytophthora,
Phytopythium
,
and
Pythium
genom
e
w
ere
also
calculated
(data
not
show
n).M
ultivariate
codon
usage
analysis
of
each
genom
e
w
as
carried
out
using
G
CU
A
(82)
(see
Fig.S2
in
the
supplem
entalm
aterial).To
com
pare
the
properties
of
each
putative
H
G
T
fam
ily
w
ith
those
ofhom
ologs
in
theirpotentialbacterialdonor,m
ultivariate
codon
usage
analysis
ofthe
genom
e
ofa
representative
potentialdonoras
w
ellas
the
relevantseed
oom
ycete
gene
w
as
also
carried
outusing
G
CU
A
.A
dditionally,the
sequence
length
and
G
C
contentofone
orm
ore
bacterialsistergenes
w
ere
calculated
using
bespoke
python
scripting
(see
Table
S2).O
ptim
allocalalignm
ents
of
each
seed
protein
sequence
against
a
representative
bacterialsister
gene
w
ere
generated
using
CLU
STAL
O
m
ega
(83)
(see
Table
S3).The
putative
function
ofeach
putative
H
G
T
fam
ily
w
as
annotated
by
perform
ing
initialPfam
hom
ology
searches
ofeach
seed
protein
sequence
(84)(see
D
ata
SetS1)w
ith
an
E
value
cutoffof10
!
4
and
BLAST
hom
ology
searches
againstthe
N
CBI’s
nonredundantprotein
database
w
ith
an
E
value
cutoffof10
!
2
0.
To
com
plem
entthese
initialannotations,each
seed
protein
sequence
w
as
then
analyzed
in
InterProScan
(85).
Signalpeptide
analysis
and
subcellular
localization
prediction
analysis
for
each
seed
protein
sequence
w
ere
carried
out
using
SignalP
and
TargetP,respectively
(53,54),w
ith
the
default
param
eters.
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L
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The
oom
ycetes
are
a
class
of
m
icroscopic,
filam
entous
eukaryotes
w
ithin
the
Stram
enopiles-Alveolata-Rhizaria
(SA
R)
supergroup
w
hich
includes
ecologi-
cally
significant
anim
aland
plant
pathogens,m
ost
infam
ously
the
causative
agent
of
potato
blight
Phytophthora
infestans.
Single-gene
and
concatenated
phylogenetic
studies
both
of
individualoom
ycete
genera
and
of
m
em
bers
of
the
larger
class
have
resulted
in
conflicting
conclusions
concerning
species
phylogenies
w
ithin
the
oom
y-
cetes,
particularly
for
the
large
Phytophthora
genus.
G
enom
e-scale
phylogenetic
studies
have
successfully
resolved
m
any
eukaryotic
relationships
by
using
supertree
m
ethods,
w
hich
com
bine
large
num
bers
of
potentially
disparate
trees
to
determ
ine
evolutionary
relationships
that
cannot
be
inferred
from
individualphylogenies
alone.
W
ith
a
sufficient
am
ount
of
genom
ic
data
now
available,
w
e
have
undertaken
the
first
w
hole-genom
e
phylogenetic
analysis
of
the
oom
ycetes
using
data
from
37
oo-
m
ycete
species
and
6
SA
R
species.
In
our
analysis,
w
e
used
established
supertree
m
ethods
to
generate
phylogenies
from
8,355
hom
ologous
oom
ycete
and
SA
R
gene
fam
ilies
and
have
com
plem
ented
those
analyses
w
ith
both
phylogenom
ic
netw
ork
and
concatenated
superm
atrix
analyses.
O
ur
results
show
that
a
genom
e-scale
ap-
proach
to
oom
ycete
phylogeny
resolves
oom
ycete
classes
and
individual
clades
w
ithin
the
problem
atic
Phytophthora
genus.
Support
for
the
resolution
of
the
in-
ferred
relationships
betw
een
individualPhytophthora
clades
varies
depending
on
the
m
ethodology
used.
O
ur
analysis
represents
an
im
portant
first
step
in
large-scale
phylogenom
ic
analysis
of
the
oom
ycetes.
IM
P
O
R
T
A
N
C
E
The
oom
ycetes
are
a
class
of
eukaryotes
and
include
ecologically
sig-
nificant
anim
al
and
plant
pathogens.
Single-gene
and
m
ultigene
phylogenetic
stud-
ies
of
individual
oom
ycete
genera
and
of
m
em
bers
of
the
larger
classes
have
re-
sulted
in
conflicting
conclusions
concerning
interspecies
relationships
am
ong
these
species,
particularly
for
the
Phytophthora
genus.
The
onset
of
next-generation
se-
quencing
techniques
now
m
eans
that
a
w
ealth
of
oom
ycete
genom
ic
data
is
avail-
able.
For
the
first
tim
e,
w
e
have
used
genom
e-scale
phylogenetic
m
ethods
to
re-
solve
oom
ycete
phylogenetic
relationships.W
e
used
supertree
m
ethods
to
generate
single-gene
and
m
ultigene
species
phylogenies.
O
verall,
our
supertree
analyses
uti-
lized
phylogenetic
data
from
8,355
oom
ycete
gene
fam
ilies.
W
e
have
also
com
ple-
m
ented
our
analyses
w
ith
superalignm
ent
phylogenies
derived
from
131
single-copy
ubiquitous
gene
fam
ilies.
O
ur
results
show
that
a
genom
e-scale
approach
to
oom
y-
cete
phylogeny
resolves
oom
ycete
classes
and
clades.O
ur
analysis
represents
an
im
-
portant
first
step
in
large-scale
phylogenom
ic
analysis
of
the
oom
ycetes.
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T
he
oom
ycetes
are
a
class
ofm
icroscopic
eukaryotes
w
hich
include
som
e
ofthe
m
ost
ecologically
destructive
m
arine
and
terrestrial
eukaryotic
species
(1).
O
om
ycete
species
display
filam
entous
m
orphology
and
ecological
roles
very
sim
ilar
to
those
of
fungiand
w
ere
historically
regarded
as
a
basalfungallineage
(2).A
s
m
orphologicaland
m
olecular
studies
have
im
proved
since
the
latter
half
of
the
20th
century,the
oom
y-
cetes
have
com
e
to
be
understood
as
very
distant
relations
of
“true”
fungi.They
have
independently
evolved
sim
ilarm
orphology
and
lifestyles
through
convergentevolution
and
lim
ited
interkingdom
horizontal
gene
transfer
(H
G
T)
(2–5).
Present
phylogeno-
m
ic
studies
place
the
oom
ycetes
in
the
diverse
stram
enopiles
lineage
w
ithin
the
Stram
enopiles-Alveolata-Rhizaria
(SA
R)
eukaryotic
supergroup
(6–10)
(Fig.1).The
stra-
m
enopiles
w
ere
previously
placed
w
ithin
Chrom
ista
(11)and
then
w
ithin
the
“chrom
al-
veolates”
supergroup
(Chrom
ista
plus
Alveolata)
on
the
basis
of
a
hypothesized
last
com
m
on
ancestor
on
the
plastid
lineage
(12,
13).
W
hile
early
phylogenetic
analyses
supported
the
concept
ofa
single
origin
for
the
“chrom
alveolate”
plastid
(14,15),later
plastom
e-w
ide
and
nuclear
phylogenetic
and
H
G
T
analyses
have
consistently
failed
to
support
a
m
onophyletic
chrom
alevolate
grouping
(16–21).In
contrast,m
olecular
evi-
dence
for
the
m
onophyly
of
the
current
SA
R
supergroup
has
been
dem
onstrated
in
m
ultiple
phylogenetic
analyses
(18,20,22–26).
The
oom
ycetes
are
thought
to
have
diverged
from
diatom
s
betw
een
the
Late
Proterozoic
and
the
m
id-Paleozoic
eras
(~0.4
to
0.6
billion
years
ago
[bya])(27,28)and
have
been
found
to
have
been
present
as
early
as
the
D
evonian
period
(~400
m
illion
years
ago
[m
ya])
in
the
fossilrecord
(29).Though
m
any
described
species
are
phyto-
pathogens,oom
ycete
phytopathogenicity
is
thought
to
be
a
derived
trait
w
hich
has
evolved
independently
in
m
any
lineages
(30).M
any
species
are
as
yet
unsam
pled,and
the
class
phylogeny
of
the
oom
ycetes
is
still
subject
to
revision;
w
ith
current
data,
how
ever,the
oom
ycetes
can
be
split
into
the
earliest
diverging
clades
and
the
later
“crow
n”
taxa
(31–33)
(Fig.1).W
ith
the
exception
of
som
e
species
infecting
terrestrial
nem
atodes
(31),
the
earliest
diverging
oom
ycete
clades
are
otherw
ise
exclusively
m
arine
in
habitat
(1).The
rem
aining
“crow
n”
oom
ycetes
can
be
subdivided
into
the
predom
inantly
m
arine
and
freshw
ater
“saprolegnian”
branches
and
the
predom
inantly
terrestrial“peronosporalean”
branches,w
hich
diverged
in
the
Early
M
esozoic
era
(1,28,
34–36).The
“saprolegnian”branches
include
the
fish
pathogen
Saprolegnia,also
know
n
as
“cotton
m
ould”
(37),and
the
anim
al-and
plant-pathogenic
Aphanom
yces
genus
(34,
38).
The
“peronosporalean”
branches
include
the
best-characterized
oom
ycete
taxa,
Phytophthora
and
Pythium
,and
the
m
ore
basalAlbuginales
order
(1,35).The
m
ajority
of“peronosporalean”
oom
ycetes
are
phytopathogens,although
Pythium
includes
spe-
cies
capable
of
infecting
anim
als
or
acting
as
m
ycoparasitic
biocontrolagents
(39,40)
(Fig.1).
Phytophthora
is
the
largest
genus
(!
120
described
species)
w
ithin
the
order
Per-
onosporales
and
w
as
divided
into
10
phylogenetic
clades
on
the
basis
ofinitialinternal
transcribed
spacer
(ITS)
analysis
and,later,com
bined
nuclear
and
m
itochondrialanal-
yses
(41,42)(Fig.2a).The
largest
clades
(clades
1,2,7,and
8)are
further
divided
into
subclades,w
hile
the
sm
allestclades
(clades
5
and
10)contain
few
erthan
five
described
species
at
present
(43,
44).
Initial
ITS
phylogeny
data
reported
by
Cooke
et
al.
(41)
suggested
that
Phytophthora
w
as
paraphyletic
w
ith
respect
to
basalclades
9
and
10;
how
ever,laterm
ultigene
and
com
bined
nuclearand
m
itochondrialstudies
have
placed
these
clades
w
ithin
Phytophthora
(42,44,45).G
enerally,species
w
ithin
Phytophthora
clades
do
not
share
consistent
m
orphological
features
or
reproductive
strategies,
although
clades
6
to
8
form
a
distinct
branch
ofterrestrialspecies
w
ith
predom
inantly
nonpapillate
sporangia
w
ithin
the
genus
tree
(44).
W
hile
m
any
recent
phylogenetic
analyses
have
supported
the
current
designation
by
Blair
et
al.
(42)
of
10
distinct
phylogenetic
clades
w
ithin
Phytophthora,m
any
of
the
sam
e
analyses
draw
conflicting
conclusions
as
to
the
relationships
am
ong
these
clades.In
theiranalysis,Blairetal.(42)
found
strong
support
by
m
axim
um
-likelihood,
m
axim
um
-parsim
ony,
and
Bayesian
m
ethods
for
the
10
phylogenetic
clades
using
data
from
seven
highly
conserved
nuclear
loci(including
m
arkers
from
28S
ribosom
alD
N
A
[rD
N
A
],H
sp90,and
!
-tubulin)
M
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from
82
Phytophthora
species
(Fig.2a).The
relationship
betw
een
the
clades
reported
in
Blair
et
al.(42)
w
as
m
ostly
upheld
in
a
follow
-up
analysis
by
Runge
et
al.(46)
w
hich
included
hom
ologous
data
from
an
additional
39
Phytophthora
species
and
other
Peronosporales
species.O
ne
noticeable
difference
w
as
that
their
analysis
placed
clades
3,
6,
and
7
as
sister
clades
w
ithin
a
m
onophyletic
clade
w
ith
strong
support
by
the
m
inim
um
-evolution,
m
axim
um
-likelihood,
and
Bayesian
m
ethods,
w
hile
the
clades
w
ere
m
ore
distantly
related
in
the
analysis
by
Blair
et
al.
(42)
(Fig.
2a
and
b).
The
addition
offour
m
itochondrialm
arkers
(cox2,nad9,rps10,and
secY)in
a
later
11-locus
analysis
by
M
artin
et
al.(47),w
hile
topologically
supporting
the
data
from
Blair
et
al.
(42),displayed
poor
resolution
for
m
any
interclade
relationships
(particularly
for
m
ore
extensively
derived
clades
such
as
clades
1
to
5)w
ithin
Phytophthora
by
the
m
axim
um
-
likelihood,
m
axim
um
-parsim
ony,
and
Bayesian
m
ethods
(Fig.
2c).
A
coalescent
ap-
proach
using
a
sim
ilardata
setby
the
sam
e
authors
show
ed
im
proved
Bayesian
support
am
ong
som
e
Phytophthora
clades
(e.g.,
clades
1
to
5)
but
w
eaker
support
for
other
clades
and
a
conflicting
topology
from
the
11-locus
analysis
(47)
(Fig.2d).
Placem
ent
of
other
taxa
w
ithin
the
Peronosporales
order,
nam
ely,
the
“dow
ny
m
ildew
s,”and
the
phylogeny
ofPythium
and
the
Pythiales
orderhave
also
been
difficult
to
resolve.The
inclusion
of
tw
o
dow
ny
m
ildew
s
species
(H
yaloperonospora
arabidop-
sidis
and
Pseudoperonospora
cubensis)in
an
analysis
conducted
by
Runge
et
al.placed
the
tw
o
species
w
ithin
Phytophthora
clade
4
and
sister
to
clade
1
species
such
as
Phytophthora
infestans,im
plying
the
existence
of
a
paraphyletic
Phytophthora
genus
(46)(Fig.2b).H
ow
ever,a
subsequent
tree
reconciliation
analysis,inferred
using
a
class
phylogeny
of
189
oom
ycete
clusters
of
orthologous
groups
(CO
G
s),placed
H
.
arabi-
FIG
1
Consensus
phylogeny
of
the
oom
ycetes
class
w
ithin
the
greater
SA
R
grouping,including
inform
ation
pertaining
to
various
taxa.The
cladogram
w
as
adapted
from
Judelson
(10).
G
enom
e
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O
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Phylogeny
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dopsidis
as
sister
to
m
em
bers
of
the
Phytophthora
genus
(48).A
nother
dow
ny
m
ildew
species,
Plasm
opara
halstedii,
w
as
placed
sister
to
Phytophthora
clade
1
in
sim
ilar
phylogenetic
analyses
(36,49).Phytopythium
,a
m
orphological
interm
ediate
betw
een
Phytophthora
and
Pythium
,
w
as
reclassified
from
Pythium
clade
K
to
its
ow
n
genus
w
ithin
the
Peronosporales
order
based
on
a
recent
m
ultigene
phylogenetic
analysis
w
hich
placed
the
genus
sister
to
Phytophthora
(50).
Pythium
itself
is
divided
into
10
clades,labeled
A
to
J,w
hich
w
ere
initially
circum
scribed
w
ith
its
data
and
consistent
w
ith
m
itochondrial
data
(51).
The
m
ain
m
orphological
difference
betw
een
clades
w
ithin
Pythium
is
the
developm
ent
of
the
filam
entous
sporangium
in
species
w
ithin
clades
A
to
C
from
the
ancestralglobose
sporangium
observed
in
the
basalclades
and
Phytopythium
(51,
52),
w
ith
an
interm
ediate
contiguous
sporangium
developing
in
species
w
ithin
clade
D
(51)and
an
elongated
sporagium
in
species
w
ithin
clade
H
(53).
O
therw
ise,
as
in
Phytophthora,
phylogenetic
clades
generally
do
not
correlate
w
ith
distinct
m
orphologicalcharacters
in
Pythium
(51).A
num
ber
of
phylogenetic
analyses
suggest
that
Pythium
is
polyphyletic
(36,
49,
52–55),
and
there
has
been
recent
suggestion
that
it
be
am
ended
entirely
into
at
least
five
new
genera
(53,56).
M
any
of
the
aforem
entioned
phylogenetic
analyses
of
the
oom
ycetes
are
based
upon
a
sm
allnum
berofhighly
conserved
nuclearand/orm
itochondrialm
arkers,either
through
consensus
analysis
or
concatenated
analysis.The
selection
of
such
m
arkers,
w
hile
usually
robust,m
ay
unintentionally
ignore
other
types
ofpotentialphylogenetic
m
arkers
that
m
ight
resolve
conflicting
analyses,such
as
lineages
w
hich
include
gene
duplication
events
(20).
O
ne
solution
to
the
possible
lim
itations
of
single-gene
or
FIG
2
Congruence
of
the
Peronosporales
order
am
ong
recent
m
ultilocus
phylogenetic
analyses.
(a)
Seven-locus
m
axim
um
-likelihood
(M
L)/m
axim
um
-parsim
ony
(M
P)/Bayesian
phylogeny
of
Phytophthora
by
Blair
et
al.
(42).
(b)
M
inim
um
-evolution
(M
E)/M
L/Bayesian
phylogeny
of
Phytophthora
and
dow
ny
m
ildew
s
by
Runge
et
al.(46).(c)Eleven-locus
M
L/M
P/Bayesian
phylogeny
of
Phytophthora
by
M
artin
et
al.(47).(d)
Six-locus
coalescent
phylogeny
of
Phytophthora
by
M
artin
et
al.(47).Support
values,w
here
given,represent
m
axim
um
-likelihood
bootstrap
support,except
for
paneld,w
here
Bayesian
posterior
probabilities
are
given
instead.
M
cCarthy
and
Fitzpatrick
M
arch/A
pril2017
Volum
e
2
Issue
2
e00095-17
m
sphere.asm
.org
4
 on April 21, 2017 by guest http://msphere.asm.org/ Downloaded from 
sm
all-scale
gene
phylogenies
is
to
assem
ble
a
consensus
phylogeny
for
a
given
set
of
taxa
using
m
any
sources
ofsingle-gene
phylogenies
through
supertree
analysis,w
hich
enables
the
inclusion
of
phylogenies
w
ith
m
issing
or
duplicated
taxa
( 57).
M
atrix
representation
using
parsim
ony
(M
RP),in
w
hich
character
m
atrices
are
generated
for
each
source
phylogeny
and
m
erged
into
a
single
binary
characterm
atrix
form
axim
um
-
parsim
ony
alignm
ent
(58,59),is
one
of
the
m
ost
com
m
only
used
supertree
m
ethods
and
has
seen
successfulapplication
in
a
num
ber
of
eukaryotic
phylogenom
ic
studies
(60–62).
O
ther
m
ethods
have
been
developed
for
inferring
species
phylogeny
from
paralogous
gene
phylogenies,
the
m
ost
successful
of
w
hich
has
been
gene
tree
parsim
ony
(G
TP)(63).G
TP
attem
pts
to
find
the
m
ost
parsim
onious
species
tree
from
a
set
of
source
phylogenies
w
ith
the
low
est
num
ber
of
events
required
to
explain
incongruences
(i.e.,gene
duplication
events)betw
een
the
source
phylogenies
and
has
seen
application
in
large-scale
phylogenetic
analysis
( 64).
A
nother
m
ethod
of
large-
scale
phylogenetic
analysis
is
the
superm
atrix
approach
of
concatenating
m
ultiple
character
data
sets
for
sim
ultaneous
analysis
(65).
Since
the
publication
ofthe
genom
e
sequences
ofPhytophthora
sojae
and
Phytoph-
thora
ram
orum
in
2006
(66),
the
quantity
of
oom
ycete
genom
ic
data
has
steadily
increased;currently,37
oom
ycete
species
now
have
publicly
available
genom
ic
data
at
the
assem
bly
levelor
higher
(Table
1).W
ith
this
in
m
ind,w
e
have
conducted
the
first
w
hole-genom
e
phylogenetic
analysis
for
the
oom
ycetes
as
a
class,using
a
variety
of
supertree
and
superm
atrix
approaches
w
hich
have
previously
been
used
in
fungal
w
hole-genom
e
phylogenetic
analysis
(60).In
ouranalysis,w
e
utilized
protein
data
from
37
com
plete
oom
ycete
genom
es
and
6
com
plete
SA
R
genom
es
(as
outgroups).This
represents
allextant
genom
ic
data
from
the
four
“crow
n”
oom
ycete
orders
and
covers
8
of
the
10
phylogenetic
clades
w
ithin
Phytophthora
and
7
of
the
10
phylogenetic
clades
w
ithin
Pythium
(Table
1).
O
ur
w
hole-genom
e
phylogenetic
analysis
of
the
oom
ycetes
supports
the
four
oom
ycete
orders
and
the
placem
ent
of
Phytopythium
w
ithin
the
Peronosporales
and
individualclades
w
ithin
Phytophthora
and
Pythium
.The
resolution
of
the
Peronosporales
as
an
order
varied
under
different
m
ethods,probably
due
to
m
issing
data
from
clades
4
and
9
w
ithin
Phytophthora.
H
ow
ever,
the
overall
order
phylogenies
are
relatively
congruent
am
ong
our
different
species
phylogenies.
This
analysis
w
ill
provide
a
useful
backbone
to
future
genom
e
phylogenies
of
the
oom
ycetes
utilizing
m
ore
taxonom
ically
extensive
data
sets.
RESU
LTS
A
N
D
D
ISCU
SSIO
N
Identification
oforthologous
and
paralogous
oom
ycete
and
SA
R
gene
fam
ilies.
Foroursupertree
analyses,w
e
constructed
a
data
setcontaining
43
com
plete
genom
es,
consisting
of37
from
oom
ycete
species
and
6
outgroups
from
otherspecies
w
ithin
the
SA
R
supergroup
(M
aterials
and
M
ethods;Table
1).O
fthese
37
oom
ycete
genom
es,26
w
ere
from
either
Phytophthora
species
or
Pythium
species
representing
the
m
ajority
of
clades
w
ithin
both
genera,
and
the
rem
ainder
w
ere
sam
pled
from
all
four
of
the
“crow
n”
orders
(66–89).
W
e
dow
nloaded
proteom
es
for
23
oom
ycete
species
w
hich
w
ere
available
from
public
databases,and
w
e
generated
corresponding
proteom
es
for
the
rem
aining
14
species
from
publicly
available
assem
bly
data
using
bespoke
oom
y-
cete
reference
tem
plates
w
ith
A
U
G
U
STU
S
and
G
eneM
ark-ES
(90,91)(Table
S1).In
total,
our
final
data
set
contained
702,132
protein
sequences
from
37
com
plete
oom
ycete
genom
es
and
6
com
plete
SA
R
genom
es
(Table
1).
The
initialstep
in
determ
ining
the
phylogeny
ofthe
43
oom
ycete
and
SA
R
genom
es
in
our
data
set
through
supertree
m
ethods
w
as
to
identify
groups
of
closely
related
orthologs
or
paralogs
w
ithin
our
data
set,w
hich
w
e
term
ed
gene
fam
ilies,and
to
use
these
groups
to
generate
gene
phylogenies
to
use
as
source
data
for
our
m
ethods.To
identify
fam
ilies
of
orthologous
and
paralogous
genes
in
our
data
set,
w
e
set
the
follow
ing
criteria:
(1)
A
single-copy
gene
fam
ily
m
ust
contain
no
m
ore
than
one
orthologous
gene
per
species
and
m
ust
be
present
in
four
or
m
ore
species.
G
enom
e
Scale
O
om
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(2)
A
m
ulticopy
gene
fam
ily
m
ust
contain
at
least
four
unique
species,and
tw
o
or
m
ore
paralogs
m
ust
be
present
in
at
least
one
of
the
species.
U
sing
O
rthoM
CL
(92),w
ith
an
inflation
value
of1.5
and
a
strict
BLA
STp
cutoffvalue
of
10
"
2
0
(93)
and
bespoke
Python
scripting,
w
e
identified
over
56,000
hom
ologous
oom
ycete
and
SA
R
gene
fam
ilies
in
our
data
set.O
fthese,2,853
fam
ilies
m
atched
our
criterion
for
single-copy
fam
ilies
and
11,158
fam
ilies
m
atched
our
criterion
for
m
ulti-
copy
fam
ilies.By
aligning
each
ofthese
gene
fam
ilies
in
M
U
SCLE
(94)and
sam
pling
for
highly
conserved
regions
using
G
blocks
(95),both
using
the
default
param
eters,and
then
carrying
out
perm
utation-tailpossibility
(PTP)
tests
for
every
rem
aining
sam
pled
alignm
entusing
PA
U
P*
(96,97),w
e
w
ere
able
to
rem
ove
576
single-copy
gene
fam
ilies
and
5,103
m
ulticopy
gene
fam
ilies
w
ith
poor
phylogenetic
signal
from
our
data.
A
ll
TA
BLE
1
Taxonom
ic
and
genom
ic
inform
ation
for
the
43
oom
ycete
and
SA
R
species
in
this
analysis
a
Species
nam
e
Clade
O
rder
Class
Reference
G
ene
Albugo
candida
N
A
Albuginales
O
om
ycota
Links
et
al.2011
(73)
13310
Albugo
labiachii
N
A
Albuginales
O
om
ycota
Kem
en
et
al.2011
(74)
13804
H
yaloperonospora
arabidopsidis
N
A
Peronosporales
O
om
ycota
Baxter
et
al.2010
(71)
14321
Phytophthora
agathidicida
Clade
5
Peronosporales
O
om
ycota
Studholm
e
et
al.2016
(70)
14110*
Phytophthora
capsici
Clade
2
Peronosporales
O
om
ycota
Lam
our
et
al.2012
(72)
19805
Phytophthora
cinnam
om
i
Clade
7
Peronosporales
O
om
ycota
Studholm
e
et
al.2016
(70)
12942*
Phytophthora
cryptogea
Clade
8
Peronosporales
O
om
ycota
Feau
et
al.2016
(75)
11876*
Phytophthora
fragariae
Clade
7
Peronosporales
O
om
ycota
G
ao
et
al.2015
(76)
13361*
Phytophthora
infestans
Clade
1
Peronosporales
O
om
ycota
H
aas
et
al.2009
(69)
17797
Phytophthora
kernoviae
Clade
10
Peronosporales
O
om
ycota
Sam
bles
et
al.2015
(77)
10650
Phytophthora
lateralis
Clade
8
Peronosporales
O
om
ycota
Q
uinn
et
al.2013
(78)
11635
Phytophthora
m
ultivora
Clade
2
Peronosporales
O
om
ycota
Studholm
e
et
al.2016
(70)
15006*
Phytophthora
nicotianae
Clade
1
Peronosporales
O
om
ycota
Liu
et
al.2016
(79)
10521
Phytophthora
parasitica
Clade
1
Peronosporales
O
om
ycota
Broad
Institute
(IN
RA
-310
v.3)
27942
Phytophthora
pinifolia
Clade
6
Peronosporales
O
om
ycota
Feau
et
al.2016
(75)
19533*
Phytophthora
pluvialis
Clade
3
Peronosporales
O
om
ycota
Studholm
e
et
al.2016
(70)
18426*
Phytophthora
pisi
Clade
7
Peronosporales
O
om
ycota
PRJEB6298
15495*
Phytophthora
ram
orum
Clade
8
Peronosporales
O
om
ycota
Tyler
et
al.2006
(66)
15743
Phytophthora
rubi
Clade
7
Peronosporales
O
om
ycota
PRJN
A
244739
15462*
Phytophthora
sojae
Clade
7
Peronosporales
O
om
ycota
Tyler
et
al.2006
(66)
26584
Phytophthora
taxon
Totara
Clade
3
Peronosporales
O
om
ycota
Studholm
e
et
al.2016
(70)
16691*
Plasm
opara
halstedii
N
A
Peronosporales
O
om
ycota
Sharm
a
et
al.2015
(80)
15469
Plasm
opara
viticola
N
A
Peronosporales
O
om
ycota
PRJN
A
329579
12048*
Phytopythium
vexans
N
A
Peronosporales
O
om
ycota
A
dhikariet
al.2013
(67)
11958
Pilasporangium
apinafurcum
N
A
Pythiales
O
om
ycota
PRJD
B3797
13184*
Pythium
aphaniderm
atum
Clade
A
Pythiales
O
om
ycota
A
dhikariet
al.2013
(67)
12312
Pythium
arrhenom
anes
Clade
B
Pythiales
O
om
ycota
A
dhikariet
al.2013
(67)
13805
Pythium
insidiosum
Clade
C
Pythiales
O
om
ycota
Rujiraw
at
et
al.2015
(81)
19290*
Pythium
irregulare
Clade
F
Pythiales
O
om
ycota
A
dhikariet
al.2013
(67)
13805
Pythium
iw
ayam
i
Clade
G
Pythiales
O
om
ycota
A
dhikariet
al.2013
(67)
14875
Pythium
oligandrum
Clade
D
Pythiales
O
om
ycota
Berger
et
al.2016
(82)
14292*
Pythium
ultim
um
var.sporangiiferum
Clade
I
Pythiales
O
om
ycota
A
dhikariet
al.2013
(67)
14096
Pythium
ultim
um
var.ultim
um
Clade
I
Pythiales
O
om
ycota
Lévesque
et
al.2010
(68)
15323
Aphanom
yces
astaci
N
A
Saprolegniales
O
om
ycota
Broad
Institute
(A
PO
3
v.2)
26259
Aphanom
yces
invadans
N
A
Saprolegniales
O
om
ycota
Broad
Institute
(9901
v.2)
20816
Saprolegnia
diclina
N
A
Saprolegniales
O
om
ycota
PRJN
A
168273
18229
Saprolegnia
parasitica
N
A
Saprolegniales
O
om
ycota
Jiang
et
al.2013
(83)
20121
Aureococcus
anophagefferns
N
A
Pelagom
onadales
Pelagophyceae
G
obler
et
al.2011
(84)
11501
Ectocarpus
siliculosus
N
A
Ectocarpales
Phaeophyceae
Cock
et
al.2010
(87)
16269
Phaeodactylum
tricornutum
N
A
N
aviculales
Bacillariophyceae
Bow
ler
et
al.2008
(85)
10402
Thalassiosira
psuedonana
N
A
Thalassiosirales
Coscinodiscophyceae
A
rm
brust
et
al.2004
(86)
11776
Param
ecium
tetraurelia
N
A
Peniculida
O
ligohym
enophorea
A
ury
et
al.2006
(88)
39580
Bigelow
iella
natans
N
A
Chlorarachniophyceae
Cercozoa
Curtis
et
al.2012
(89)
21708
aProtein
counts
generated
in
this
study
from
assem
bly
data
are
highlighted
w
ith
an
asterisk
(*).References
are
to
the
genom
e
publications
w
here
possible
and
otherw
ise
to
the
N
CBIBioProject
identifier
or
the
Broad
Institute
strain
identifier
and
assem
bly
version.N
A
,not
applicable.
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rem
aining
gene
fam
ilies
had
their
evolutionary
m
odel
estim
ated
using
ProtTest
(98)
(Table
S2),and
m
axim
um
-likelihood
gene
phylogenies
w
ere
generated
using
PhyM
L
w
ith
100
bootstrap
replicates
(99).
W
e
generated
phylogenetic
reconstructions
for
2,280
orthologous
gene
fam
ilies
(containing
35,622
genes)and
6,055
paralogous
gene
fam
ilies
(containing
174,282
genes).In
total,from
our
43-genom
e
data
set,w
e
identi-
fied
8,335
individualgene
phylogenies,containing
209,904
oom
ycete
and
SA
R
genes.
Supetree
phylogenies
fully
resolve
oom
ycete
class
and
order
phylogenies.A
ll
2,280
orthologous
single-copy
gene
phylogenies
(35,622
genes
in
total)
w
ere
used
as
input
for
CLA
N
N
(100),
w
hich
im
plem
ents
a
m
atrix
representation
using
parsim
ony
(M
RP)
m
ethod
to
determ
ine
consensus
phylogeny
for
m
any
source
phylogenies
w
ith
overlapping
taxa
or
m
issing
taxa.
A
n
M
RP
supertree
phylogeny
w
as
generated
in
CLA
N
N
using
a
heuristic
search
w
ith
100
bootstrap
replicates.
The
supertree
w
as
visualized
and
annotated
w
ithin
the
Interactive
Tree
of
Life
(iTO
L)
w
ebsite
(101)
and
rooted
atthe
branch
containing
the
SA
R
outgroups,Param
ecium
tetraurelia
(Alveolata),
Bigelow
iella
natans
(Rhizaria),and
four
stram
enopiles
species
(Fig.3).
M
RP
supertree
analysis
of
2,280
orthologous
single-copy
oom
ycete
gene
phylog-
enies
supported
the
four
“crow
n”
oom
ycete
orders
(Saprolegniales,Albuginales,Pythia-
les,
and
Peronosporales),
w
ith
m
axim
um
bootstrap
support
(BP)
(Fig.
3).
The
M
RP
FIG
3
M
atrix
representation
w
ith
parsim
ony
(M
RP)
supertree
of
37
oom
ycete
species
and
6
SA
R
species
(2,280
source
phylogenies).
The
supertree
w
as
generated
in
CLA
N
N
.The
phylogeny
is
rooted
at
the
SA
R
branch.Phytophthora
clades
as
designated
by
Blair
et
al.(42)
and
Pythium
clades
as
designated
by
de
Cock
et
al.(50)
are
indicated
in
red
and
blue,respectively.N
o
color,P.tetraurelia
(Alveolata)
and
B.natans
(Rhizaria).
G
enom
e
Scale
O
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ycete
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supertree
reflects
the
consensus
phylogeny
of
the
oom
ycetes
(31–33)
(Fig.
1).
The
Saprolegniales
species
represent
the
m
ost
basal“crow
n”
order,and
the
Albuginales
is
a
sister
order
to
the
Pythiales
and
Peronosporales.
W
ithin
the
Pythiales
them
selves,
a
highly
supported
split
am
ong
Pythium
clades
A
to
D
(100%
BP)and
clades
F
to
I(100%
BP)
w
as
observed,m
atching
sim
ilar
splits
seen
in
sm
all-scale
analyses
(51,52)
(Fig.3).
Pilasporangium
apinafurcum
,a
Pythiales
species,is
placed
sister
to
Pythium
clades
F
to
I
(98%
BP).
Phytopythium
vexans
is
placed
at
the
base
of
the
Peronosporales
order
(Fig.
3),
supporting
the
recent
reclassification
of
the
Phytopythium
genus
from
the
Pythiales
(50).M
any
individualPhytophthora
clades
w
ithin
the
Peronosporales
are
w
ell
supported.In
addition,the
“dow
ny
m
ildew
s”
species
in
ourdata
set(H
yaloperonospora
arabidopsidis
and
tw
o
Plasm
opara
species)place
as
derived
taxa
w
ithin
the
Peronospo-
rales
order
rather
than
as
basalto
Phytophthora
(Fig.3).The
overallphylogeny
of
the
Peronosporales
in
our
M
RP
supertree
is
sum
m
arized
in
Fig.4a
and
discussed
in
greater
detail
later
in
the
text.
A
s
an
additional
analysis,
a
consensus
supernetw
ork
of
the
phylogenetic
splits
w
ithin
the
2,280
single-copy
gene
phylogenies
w
as
generated
in
SplitsTree
(102)
(see
Fig.S1
in
the
supplem
entalm
aterial).The
netw
ork
further
high-
lights
support
for
the
four
“crow
n”
oom
ycete
orders
and
the
division
of
the
Pythiales
order
as
in
the
supertree
phylogeny;it
also
recapitulates
m
any
of
individualPhytoph-
thora
clades
and
intraorder
relationships
w
ithin
the
Peronosporales
(Fig.
3
and
4a;
Fig.S1).
Both
the
2,280
single-copy
phylogenies
and
the
6,055
m
ulticopy
phylogenies
(209,904
genes
in
total)w
ere
used
as
input
for
D
upTree
(103),w
hich
uses
a
gene
tree
parsim
ony
(G
TP)m
ethod
to
determ
ine
consensus
phylogeny
for
m
any
source
phylog-
enies
that
m
ay
include
gene
duplication
events.The
source
data
w
ere
bootstrapped
w
ith
100
replicates,
and
the
resultant
consensus
G
TP
supertree
w
as
rooted
at
the
branch
containing
Param
ecium
tetraurelia,Bigelow
iella
natans,and
the
otherstram
eno-
piles
species
(Fig.
5).
A
s
in
the
single-gene
M
RP
supertree,
all
four
individual
crow
n
oom
ycete
orders
and
the
oom
ycete
class
phylogeny
are
highly
supported.The
Pythiales
order
is
once
again
split
into
highly
supported
sister
branches
containing
clades
A
to
D
(100%
BP)
and
clades
F
to
I
(100%
BP)
(Fig.5).The
Peronosporales
order
is
highly
supported
again
(100%
BP),as
is
the
placem
ent
ofPhytopythium
vexans
at
the
base
of
this
order(Fig.5).A
s
w
ith
the
single-gene
M
RP
supertree,the
dow
ny
m
ildew
s
(P.viticola
and
P.halstedii)are
found
as
sister
taxa
to
clade
1
Phytophthora
species.H
ow
ever,it
is
w
orth
pointing
out
that
phylogenetic
support
for
this
grouping
is
w
eaker
in
the
G
TP
supertree
(58%
BP)
(Fig.4b
and
5)
than
in
the
M
RP
supertree,w
here
support
is
very
strong
(100%
BP)(Fig.3).O
verall,the
phylogeny
ofthe
Peronosporales
orderin
ourG
TP
supertree
displays
w
eakerbootstrap
supportatsom
e
branches
than
in
the
single-gene
M
RP
supertree.H
ow
ever,w
ith
the
exception
of
the
placem
ent
of
clade
5,the
overall
taxonom
ic
congruence
betw
een
the
tw
o
supertree
approaches
for
the
Peronosporales
is
high
(Fig.3,4a
and
b,and
5).
FIG
4
Congruence
of
the
Peronosporales
order
data
betw
een
our
supertree
and
superm
atrix
m
ethods.(a)
M
RP
analysis.(b)
G
TP
analysis.(c)
Concatenated
superm
atrix
analysis.For
fullphylogenies,refer
to
Fig.3,5,and
6,respectively.
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The
superm
atrix
approach
based
on
ubiquitous
Peronosporales
gene
phylog-
enies
supports
supertree
phylogenies.
A
s
a
com
plem
ent
to
our
supertree
m
ethod
phylogenies,
w
e
undertook
a
superm
atrix
approach
to
infer
the
oom
ycete
species
phylogeny
using
oom
ycete
orthologs
of
know
n
proteins
corresponding
to
clusters
of
orthologous
groups
(CO
G
)as
phylogenetic
m
arkers
(104).To
identify
oom
ycete
CO
G
s,
w
e
perform
ed
a
reciprocal
BLA
STp
analysis
of
all
458
Saccharom
yces
cerevisiae
CO
G
s
against
the
37
oom
ycete
proteom
es
in
our
fulldata
set
(590,896
protein
sequences
in
total)w
ith
an
E
value
of10
"
1
0.O
verall,443
oom
ycete
gene
fam
ilies
thatw
ere
reciprocal
top
hits
to
S.
cerevisiae
CO
G
s
w
ere
retrieved.
O
f
the
443
CO
G
fam
ilies,
144
fam
ilies
contained
an
ortholog
from
all37
oom
ycete
species
and
w
ere
retained
for
analysis.A
superalignm
ent
of16,934
characters
w
as
generated
by
concatenating
the
131
aligned
fam
ilies
w
hich
retained
alignm
ent
data
after
G
blocks
sam
pling
w
ith
FA
SconCA
T
(105).
The
m
axim
um
-likelihood
phylogeny
of
this
superalignm
ent
w
as
reconstructed
in
PhyM
L
w
ith
100
bootstrap
replicates
and
an
LG
#
I#
G
#
F
am
ino
acid
substitution
m
odel
as
selected
by
ProtTest,
and
the
resultant
consensus
phylogeny
w
as
rooted
at
the
Saprolegniales
branch
(Fig.S2).This
initialsuperm
atrix
phylogeny
supported
the
four
“crow
n”
orders
sim
ilarly
to
our
supertree
phylogenies;how
ever,poor
resolution
and
inconsistentphylogeny
w
ere
observed
w
ithin
the
Peronosporales,particularly
the
place-
m
entofspecies
from
Phytophthora
clades
7
and
8;forexam
ple,clade
7
species
are
not
m
onophyletic
(Fig.S2).To
attem
pt
to
tease
apart
the
data
corresponding
to
the
poor
resolution
of
the
Peronosporales
in
our
m
axim
um
-likelihood
phylogeny,
a
neighbor-
joining
netw
ork
w
as
generated
for
the
CO
G
superalignm
ent
in
SplitsTree
to
visualize
FIG
5
G
ene
tree
parsim
ony
(G
TP)
supertree
of
37
oom
ycete
species
and
6
SA
R
species
(8,335
source
phylogenies).
The
supertree
w
as
generated
in
D
upTree.The
phylogeny
is
rooted
at
the
SA
R
branch.Phytophthora
clades
as
designated
by
Blair
et
al.
(42)
and
Pythium
clades
as
designated
by
de
Cock
et
al.
(50)
are
indicated
in
red
and
blue,
respectively.
N
o
color,
P.tetraurelia
(Alveolata)
and
B.natans
(Rhizaria).
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the
bifurcations
w
ithin
the
superalignm
ent
(Fig.S3).A
s
can
be
seen
in
the
netw
ork,a
significantam
ountofphylogenetic
conflictis
obvious
and
is
represented
as
alternative
splits
am
ong
Peronosporales
clades,a
phenom
enon
that
is
consistent
w
ith
poor
boot-
strap
support
and
inconsistent
topology
(relative
to
supertrees)
throughout
the
Per-
onosporales
in
this
class-levelsuperm
atrix
phylogeny
(Fig.S2
and
S3).
To
extend
our
CO
G
superm
atrix
phylogeny,w
e
took
the
approach
of
generating
a
superm
atrix
from
ubiquitous
gene
fam
ilies
w
ithin
the
22
Peronosporales
species
in
our
data
set.U
sing
this
approach,w
e
hoped
to
extend
the
am
ount
ofavailable
alignm
ent
data
for
species
solely
w
ithin
Peronosporales
to
im
prove
resolution
of
the
order.W
e
defined
a
ubiquitous
Peronosporales
gene
fam
ily
as
containing
exactly
one
ortholog
from
all22
Peronosporales
species
in
ourdata
set.U
sing
O
rthoM
CL,w
ith
a
strictBLA
STp
E
value
of
10
"
2
0
and
an
inflation
value
of
1.5,w
e
identified
over
20,000
orthologous
gene
fam
ilies
in
the
22
Peronosporales
proteom
es
in
our
data
set.From
these
fam
ilies,
w
e
identified
352
ubiquitous
gene
fam
ilies
w
ithin
Peronosporales
using
bespoke
Python
scripting;
each
fam
ily
w
as
then
aligned
in
M
U
SCLE
and
sam
pled
in
G
blocks.
A
fter
rem
oving
fam
ilies
w
hich
did
not
retain
alignm
ent
data
after
G
blocks,w
e
concatenated
the
rem
aining
313
gene
fam
ilies
into
a
superalignm
ent
that
w
as
47,365
am
ino
acids
in
length.
The
m
axim
um
-likelihood
phylogeny
for
this
superalignm
ent
w
as
generated
w
ith
100
bootstrap
replicates
and
a
JTT#
I#
G
#
F
evolutionary
m
odel.
The
resultant
consensus
phylogeny
w
as
rooted
at
Phytopythium
vexans
(Fig.6).W
hile
resolution
of
relationships
am
ong
clades
is
stillw
eak
at
som
e
branches,the
higher
support
seen
on
m
any
other
branches
and
the
overalltopology
of
the
ubiquitous
superm
atrix
phylog-
eny
represent
substantial
im
provem
ents
over
the
CO
G
superm
atrix.
Phytophthora
clades
1,2,7,and
8
are
now
allm
onophyletic,w
ith
100%
bootstrap
support
each.The
genus
is
split
betw
een
the
basallineages
(Phytopythium
and
Phytophthora
clades
6
to
10)
and
the
m
ore
extensively
derived
Phytophthora
clades
(clades
1
to
5)
and
the
dow
ny
m
ildew
s,
w
hich
form
a
m
onophyletic
group
(70%
BP)
(Fig.
4c
and
6),
an
inference
that
is
also
observed
in
our
supertree
species
phylogenies
and
w
ith
the
highest
degree
of
congruence
to
the
single-gene
M
RP
supertree
(Fig.4a
and
b).
Resolution
of
the
Peronosporales
order
in
phylogenom
ic
analysis.
A
llthree
of
our
w
hole-genom
e
species
phylogenies
strongly
support
the
Peronosporales
order
FIG
6
M
axim
um
-likelihood
(M
L)
superm
atrix
phylogeny
of
22
Peronosporales
species
(313
ubiquitous
Pernosporales
gene
fam
ilies,47,635
characters).The
superm
atrix
phylogeny
w
as
generated
in
PhyM
L
w
ith
a
JTT#
I#
G
#
F
am
ino
acid
substitution
m
odel.
The
cladogram
is
rooted
at
Phytopythium
vexans.
Phy-
tophthora
clades
as
designated
by
Blair
et
al.(2008)
are
show
n
in
red.
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(Fig.4)and
display
a
high
degree
ofcongruence
w
ith
one
another.Each
phylogeny
also
supports
the
recent
reclassification
of
Phytopythium
from
the
Pythiales
to
the
Perono-
sporales
as
a
basal
taxon
(50).
A
ll
three
phylogenies
also
show
varying
but
strong
bootstrap
support
(70
to
92%
BP)forthe
divergence
ofPhytophthora
clades
1
to
5
and
the
dow
ny
m
ildew
s
(Plasm
opara
spp.,H
.
arabidopsidis)
from
the
rem
aining
Phytoph-
thora
clades
and
Phytopythium
ata
single
point(Fig.4c).The
relationships
am
ong
these
taxa
across
our
phylogenies
can
be
sum
m
arized
as
follow
s:
(1)
The
dow
ny
m
ildew
s
species
H
yaloperonospora
arabidopsidis
and
Phytophthora
taxon
Totara
(Phytophthora
clade
3)
are
sister
taxa,w
ith
m
axim
um
support
in
both
M
RP
and
superm
atrix
analysis
( Fig.
4a
and
c).
Therefore,
Phytophthora
clade
3
is
not
m
onophyletic
in
any
ofour
species
phylogenies
(Fig.4).Phytoph-
thora
taxon
Totara
has
provisionally
been
assigned
to
clade
3
based
on
se-
quence
sim
ilarity.O
urspecies
phylogenies
suggestthatitis
notactually
a
clade
3
species.
(2)
A
close
relationship
betw
een
Phytophthora
clades
1
and
2,the
clade
3
species
Phytophthora
pluvialis,and
the
dow
ny
m
ildew
species
Plasm
opara
viticola
and
Plasm
opara
halstediiis
observed
in
each
phylogeny,w
ith
m
axim
um
support
in
both
M
RP
and
superm
atrix
analysis
(Fig.4a
and
c).
The
placem
ent
of
the
clade
5
species
Phytophthora
agathidcida
varies
in
each
phylogeny,butitappears
thatthe
species
is
m
ostclosely
related
to
Phytophthora
taxon
Totara
and
H
.
arabidopsidis
w
ithin
the
Peronosporales,
as
is
m
ost
apparent
in
the
single-gene
M
RP
supertree
(81%
BP)( Fig.3
and
4a).A
s
for
the
m
ore
basalclades,both
the
M
RP
and
G
TP
phylogenies
show
support
for
the
idea
ofclade
6
species
Phythoph-
thora
pinifolia
being
sister
to
Phytophthora
clade
8,w
ith
highest
bootstrap
support
of
59%
and
75%
,respectively
(Fig.4a
and
b).
In
our
analysis,
w
e
set
out
to
resolve
relationships
w
ithin
the
oom
ycetes
w
here
conflicts
have
arisen
in
different
analyses,
particularly
in
the
Peronosporales
order
(Fig.2).W
ith
respect
to
the
divergence
of
Phytophthora
clades
1
to
5
and
the
dow
ny
m
ildew
s
from
the
rem
aining
basaltaxa
in
the
Peronosporales
(i.e.,Phytophthora
clades
6
to
10
and
Phytopythium
),
our
results
are
congruent
w
ith
the
sm
all-scale
analyses
perform
ed
by
Blair
et
al.
and
M
artin
et
al.
(42,
47)
(Fig.
2a,
c,
and
d),
w
ith
closest
topological
sim
ilarity
to
the
latter
authors’
6-locus
coalescence
m
ethod
phylogeny
(Fig.2d),despite
a
lack
of
data
from
H
.arabidopsidis
and
Plasm
opara
species
in
both
analyses
and
the
inclusion
ofH
.arabidopsidis
data
in
the
analysis
carried
out
by
Runge
et
al.(46)(Fig.2b).O
ur
ow
n
analysis
lacks
data
from
any
species
in
Phytophthora
clade
4,w
hich
is
stillunsam
pled
in
term
s
ofgenom
e
sequencing.In
the
analysis
by
Runge
et
al.,H
.
arabidopsidis
branches
w
ithin
paraphyletic
Phytophthora
clade
4;w
ere
there
a
representative
species
from
clade
4
available,
a
greater
degree
of
resolution
for
the
relationships
am
ong
Phytophthora
clades
3
to
5
and
H
yaloperonospora
m
ight
be
observed.H
ow
ever,it
is
not
clearw
hetherthe
placem
ent
ofH
.arabidopsidis
relative
to
Phytophthora
clade
1
w
ould
then
recapitulate
that
described
by
Runge
et
al.
(46).
Sim
ilarly,
w
ith
regard
to
the
basal
taxa,
our
result
are
relatively
congruent
w
ith
the
linearized
relationships
seen
in
previous
analyses
(Fig.2),although
the
close
relation-
ship
of
clade
6
species
Phytophthora
pinifolia
to
Phytophthora
clade
7
seen
in
our
tw
o
supertree
m
ethods
is
notreflected
in
any
ofthe
m
ultilocus
phylogenies
(Fig.4a
and
b).
The
resolution
of
the
relationships
am
ong
Phytophthora
clades
6,7,and
8
varies
both
in
support
and
sister
group
relationships
am
ong
our
analyses
(Fig.4);how
ever,sim
ilar
variation
can
be
observed
betw
een
the
highlighted
m
ultilocus
phylogenies
(42,46,47)
(Fig.2).The
lack
ofavailable
genom
ic
data
from
Phytophthora
clade
9
also
prevents
any
conclusions
regards
its
placem
ent
in
a
w
hole-genom
e
phylogeny;how
ever,w
e
w
ould
expect
that
it
w
ould
branch
as
a
sister
to
clade
10
species
such
as
Phytophthora
kernoviae,as
the
relationship
betw
een
clades
9
and
10
has
been
highly
supported
in
m
ultilocus
analyses
(42,46,47).
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The
use
ofsupertree
and
phylogenom
ic
m
ethods
in
oom
ycete
system
atics.O
ur
analysis
is
the
firstlarge-scale
genom
e
phylogeny
ofthe
oom
ycetes
as
a
class,using
all
extantgenom
ic
data
from
37
oom
ycete
species.O
uranalysis
has
recapitulated
the
four
crow
n
orders
ofthe
oom
ycetes
and
m
any
relationships
w
ithin
the
tw
o
largest-sam
pled
orders,the
Pythiales
and
the
Peronosporales.D
uring
our
analysis,w
e
w
ere
conscious
of
potential
characteristics
of
oom
ycete
genom
es
that
could
obfuscate
phylogenom
ic
analysis.The
role
ofH
G
T
and
its
im
pacton
the
quality
ofouranalyses
w
ere
considered;
it
has
been
show
n
that
supertree
and
superm
atrix
analyses
are
thought
to
be
suscep-
tible
to
m
isleading
signal
in
data
sets
w
here
a
large
degree
of
H
G
T
has
occurred,
particularly
in
M
RP
analysis
( 106).W
hile
H
G
T
from
other
m
icrobial
eukaryotes,fungi,
and
prokaryotes
has
been
identified
w
ithin
oom
ycete
genom
es,the
m
ajority
of
these
events
are
thoughtto
be
ancestralorto
have
notoccurred
in
proportions
large
enough
to
im
pactourresults
(4,5,107).O
therfactors,such
as
fast-evolving
regions
ofgenom
es
orancestralgene
loss
orduplication
events
w
ithin
the
oom
ycetes,are
notlikely
to
have
affected
our
analysis,given
our
genom
e-w
ide
scale
of
data
acquisition
and
our
strict
filtering
of
gene
fam
ilies
w
ith
poor
phylogenetic
signal
(10,
48,
96).
Intraspecific
hybridization
w
ithin
the
Phytophthora
genus
has
been
increasingly
reported
in
the
literature
and
usually
occurs
in
nature
am
ong
Phytophthora
species
w
ithin
the
sam
e
phylogenetic
clade
(108).A
num
berofhybrid
species
orhybridization
events
have
been
described
in
Phytophthora
clades
6
to
8
(108–110);how
ever,none
ofthese
species
are
present
in
our
data
set.A
lso,w
here
hybridization
has
occurred,it
has
been
betw
een
closely
related
species
and,in
the
case
of
Phytophthora
species,those
from
the
sam
e
phylogenetic
clade.
Taking
this
into
consideration,
hybridization
should
affect
intra-
clade
relationships
to
a
greater
degree
than
interclade
relationships.
Com
pared
w
ith
fungi,
particularly
in
light
of
the
ongoing
1,000
fungal
genom
es
project
(http://1000.fungalgenom
es.org),there
is
a
relative
dearth
ofgenom
ic
data
for
both
the
earliest
diverging
lineages
and
the
“crow
n”
taxa
w
ithin
the
oom
ycetes.W
ith
the
greater
sam
pling
of
genom
ic
sequencing
of
the
oom
ycetes
likely
to
occur
in
the
future,itis
ourview
thatsubsequentgenom
e
phylogenies
ofthe
oom
ycetes
w
illm
atch
the
success
of
other
eukaryotic
genom
e
phylogenies
at
resolving
individualproblem
-
atic
clade
and
species
relationships
(60,62).W
e
suspect
that,w
ith
a
broader
sam
pling
of
allPhytophthora
clades
and
dow
ny
m
ildew
species,w
e
w
ould
see
better
resolution
of
the
Peronosporales
w
ithin
any
subsequent
oom
ycete
genom
e
phylogenies.Sim
ilar
approaches
w
ith
other
oom
ycete
taxa,such
as
Pythium
,m
ay
disentangle
som
e
of
the
phylogenetic
conflicts
seen
in
recent
analyses
(49,53).Sim
ilarly,sequencing
of
m
ore
Saprolegniales
species
or
basaloom
ycete
species
and
their
inclusion
in
sim
ilar
analyses
w
ill
potentially
help
uncover
further
aspects
of
oom
ycete
evolution,
including
the
evolution
ofphytopathogenicity.Such
analyses,forw
hich
ours
is
a
firststep,w
ould
also
provide
the
benefitofestablishing
a
robustphylogeny
fora
eukaryotic
group
w
ith
such
devastating
ecological
im
pact
and
w
ould
hopefully
encourage
further
genom
ics
and
phylogenom
ics
research
into
the
oom
ycetes.
Conclusions.U
sing
37
oom
ycete
genom
es
and
6
SA
R
genom
es,w
e
have
carried
out
the
firstw
hole-genom
e
phylogenetic
analysis
ofthe
oom
ycetes
as
a
class.The
different
m
ethods
that
w
e
used
in
our
analysis
support
the
four
“crow
n”
oom
ycete
orders
and
supportm
any
individualphylogenetic
clades
w
ithin
genera.O
uranalysis
also
generally
supports
the
placem
ent
of
Phytopythium
w
ithin
the
Peronosporales,the
placem
ent
of
the
dow
ny
m
ildew
s
w
ithin
the
Phytophthora
genus,and
the
topology
ofclades
w
ithin
the
Pythiales
order.H
ow
ever,resolution
ofthe
Peronosporales
as
an
orderrem
ains
w
eak
atsom
e
branches,possibly
due
to
a
lack
ofgenom
ic
data
forsom
e
phylogenetic
clades
w
ithin
Phytophthora.
A
s
the
am
ount
of
genom
ic
data
available
for
the
oom
ycetes
increases,future
genom
e
phylogenies
of
the
class
should
resolve
these
branches,as
w
ellas
those
w
ithin
currently
unsam
pled
basallineages
or
undersam
pled
taxa
such
as
Saprolegnia.O
uranalysis
represents
an
im
portant
backbone
foroom
ycete
phylogenet-
ics
upon
w
hich
future
analyses
can
be
based.
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M
A
TERIA
LS
A
N
D
M
ETH
O
D
S
D
ata
set
assem
bly.
The
predicted
proteom
es
for
29
SA
R
species
(23
oom
ycete
species,
4
other
stram
enopile
species,the
alveolate
species
Param
ecium
tetraurelia,and
the
rhizarian
species
Bigelow
iella
natans)w
ere
obtained
from
public
databases
( Table
1).Predicted
proteom
es
for
a
further
14
oom
ycete
species
(10
Phythophthora
species,2
Pythium
species,Plasm
opara
viticola,and
Pilasporangium
apinafur-
cum
)
w
ere
generated
from
publically
available
assem
bly
data
using
A
U
G
U
STU
S
( 90).Tem
plates
for
ab
initio
protein
prediction
w
ith
A
U
G
U
STU
S
w
ere
generated
from
assem
bly
and
expressed
sequence
tag
(EST)
data
from
a
num
ber
of
reference
oom
ycete
species
(Phytophthora
sojae,
Phytophthora
capsici,
Pythium
ultim
um
var.ultim
um
,and
Plasm
opara
halstedii)
(Table
S1).Ph.capsiciw
as
used
as
a
reference
for
Phytophthora
species
from
clades
1
to
5,w
hile
Ph.sojae
w
as
used
as
a
reference
for
Phytophthora
species
from
clades
6
to
10.Py.ultim
um
var.ultim
um
w
as
used
as
a
reference
for
tw
o
Pythium
species
and
Pi.apinafurcum
.P.halstediiw
as
used
as
a
reference
for
P.viticola.G
eneM
ark-ES
( 91)
w
as
used
in
conjuction
w
ith
A
U
G
U
STU
S
for
protein
prediction
for
Pi.
apinafurcum
.
The
taxonom
y,
assem
bly,
and
prediction
statistics
foreach
ofthe
14
assem
blies
included
in
this
study
are
sum
m
arized
in
Table
S1.O
ur
final
data
set
contained
702,132
protein
sequences
from
37
oom
ycete
genom
es
and
6
SA
R
genom
es
( 66–89)
(Table
1;Table
S1).
Identification
and
reconstruction
of
gene
phylogenies
in
oom
ycete
and
SA
R
genom
es.
A
ll
702,132
protein
sequences
in
our
data
set
w
ere
filtered
and
clustered
into
56,638
orthologous
gene
fam
ilies
using
O
rthoM
CL
( 92),w
ith
a
BLA
STp
E
value
cutoff
of
10
"
2
0
(93)
and
an
inflation
value
of
1.5.
U
sing
bespoke
Python
scripting,w
e
identified
and
retrieved
tw
o
types
of
gene
fam
ily
containing
200
sequences
or
few
er
from
the
56,638
fam
ilies
w
ithin
our
data
set
as
follow
s:
(1)
A
totalof
2,853
single-copy
gene
fam
ilies
(single-copy
orthologs
present
in
"
4
species.
(2)
A
totalof
11,158
m
ulticopy
gene
fam
ilies
("
1
paralog[s]
present
in
"
4
species).
Each
ofthese
gene
fam
ilies
w
as
retrieved
and
aligned
in
M
U
SCLE
( 94),and
highly
conserved
regions
of
these
alignm
ents
w
ere
sam
pled
using
G
blocks
(95)
w
ith
the
default
param
eters.
A
total
of
266
single-copy
gene
fam
ilies
and
a
totalof4,928
m
ulticopy
gene
fam
ilies
did
notretain
alignm
entdata
after
G
blocks
sam
pling
and
w
ere
discarded.Perm
utation-tailprobability
(PTP)
tests
( 96)
w
ere
carried
out
for
every
rem
aining
sam
pled
gene
fam
ily
in
PA
U
P*
(97),using
100
replicates,to
determ
ine
w
hether
a
given
sam
pled
gene
fam
ily
had
phylogenetic
signal.Those
sam
pled
gene
fam
ilies
w
hose
PTP
test
result
had
a
P
value
of
#
0.05
w
ere
considered
to
have
signal
and
w
ere
retained.
A
total
of
2,280
single-copy
sam
pled
gene
fam
ilies
(containing
35,622
genes
in
total)
and
a
totalof
6,055
m
ulticopy
sam
pled
gene
fam
ilies
(containing
174,282
genes
in
total)ultim
ately
satisfied
our
filtering
process.Best-fit
am
ino
acid
replacem
ent
m
odels
w
ere
selected
for
every
rem
aining
sam
pled
gene
fam
ily
using
ProtTest
(Table
S2),
and
m
axim
um
-likelihood
phylogenetic
reconstruction
w
as
carried
out
using
PhyM
L
w
ith
100
bootstrap
replicates.
Supertree
analyses
of
single-copy
and
paralogous
gene
phylogenies.
M
axim
um
-parsim
ony
supertree
analysis
of2,280
single-copy
gene
phylogenies
(containing
35,622
genes
in
total)w
as
carried
out
using
CLA
N
N
,by
perform
ing
a
subtree
prune
and
regraft
(SPR)heuristic
search
w
ith
100
bootstrap
replicates
( 100).This
phylogeny
w
as
visualized
and
annotated
as
a
cladogram
using
the
Interactive
Tree
ofLife
(iTO
L)w
ebsite
(101)( Fig.3).A
s
an
additionalanalysis,a
consensus
supernetw
ork
ofphylogenetic
m
ultifurcations
w
ithin
the
2,280
individual
gene
phylogenies
w
as
generated
in
SplitsTree
(102)
(see
Fig. S1
in
the
supplem
entalm
aterial).G
ene
tree
parsim
ony
(G
TP)
supertree
analyses
of
all8,335
gene
phylogenies
(containing
209,904
genes
in
total)
w
as
carried
out
using
D
upTree
( 103)
and
a
rooted
SPR
heuristic
search
of
100
bootstrapped
replicates
of
each
phylogeny.A
consensus
phylogeny
w
as
gener-
ated
from
allindividualreplicates
and
w
as
visualized
and
annotated
as
a
cladogram
using
iTO
L
( Fig.5).
Identification
and
superm
atrix
analysis
ofubiquitous
oom
ycete
gene
phylogenies.A
reciprocal
BLA
STp
search
w
as
carried
outw
ith
an
E
value
cutoffof10
"
1
0
am
ong
all37
oom
ycetes
proteom
es
in
our
data
set
(590,896
protein
sequences
in
total)and
458
core
orthologous
genes
(CO
G
s)in
Saccharom
yces
cerevisiae
from
the
CEG
M
A
data
set
( 93,
104).
A
total
of
443
oom
ycete
gene
fam
ilies
representing
oom
ycete
top
hits
to
S.cerevisiae
CO
G
s
w
ere
retrieved,am
ong
w
hich
144
fam
ilies
contained
an
ortholog
from
all37
oom
ycete
species
in
ourdata
set.Each
ofthese
144
fam
ilies
w
as
aligned
in
M
U
SCLE
and
w
as
sam
pled
forhighly
conserved
regions
using
G
blocks
w
ith
the
defaultparam
eters.A
fter13
fam
ilies
w
hich
failed
to
retain
alignm
ent
data
after
G
blocks
sam
pling
w
ere
rem
oved,
the
rem
aining
131
sam
pled
alignm
ents
(containing
4,847
genes
in
total)w
ere
concatenated
into
a
superalignm
entof16,934
aligned
positions.
This
superalignm
ent
w
as
bootstrapped
100
tim
es
using
Seqboot,
and
m
axim
um
-likelihood
phylogenetic
trees
w
ere
generated
foreach
individualreplicate
using
PhyM
L,w
ith
an
LG
#
I#
G
#
F
am
ino
acid
substitution
m
odelas
selected
by
ProtTest.A
consensus
tree
w
as
generated
from
these
replicate
trees
using
Consense,and
the
consensus
tree
w
as
visualized
and
annotated
as
a
cladogram
using
iTO
L
(Fig.S2).A
neighbor-joining
netw
ork
ofphylogenetic
splits
in
the
originalsuperalignm
entw
as
generated
in
SplitsTree
(Fig.S3).
Identification
and
superm
atrix
analysis
ofubiquitous
Peronosporales
gene
phylogenies.A
total
of
347,375
protein
sequences
from
the
22
Peronosporales
proteom
es
in
our
data
set
w
ere
filtered
and
clustered
into
22,803
orthologous
gene
fam
ilies
using
O
rthoM
CL,w
ith
a
BLA
STp
E
value
cutoffof10
"
2
0
and
an
inflation
value
of
1.5.U
sing
bespoke
Python
scripting,w
e
identified
352
ubiquitous
Peronospo-
rales
gene
fam
ilies,w
hich
w
e
defined
as
any
fam
ily
w
hich
had
exactly
one
representative
ortholog
from
all22
Peronosporales
species
in
our
data
set.Each
ofthese
fam
ilies
w
as
aligned
in
M
U
SCLE
and
sam
pled
forhighly
conserved
regions
using
G
blocks
w
ith
the
defaultparam
eters.A
fter39
gene
fam
ilies
w
hich
did
not
retain
alignm
ent
data
after
sam
pling
w
ere
rem
oved,
the
rem
aining
313
sam
pled
alignm
ents
(containing
6,886
genes
in
total)
w
ere
concatenated
into
a
single
superalignm
ent
of
47,365
aligned
G
enom
e
Scale
O
om
ycete
Phylogeny
M
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e
2
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2
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m
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positions.
This
superalignm
ent
w
as
bootstrapped
100
tim
es
using
Seqboot,
and
m
axim
um
-likelihood
phylogenetic
trees
w
ere
generated
for
each
individualreplicate
using
PhyM
L
w
ith
a
JTT#
I#
G
#
F
am
ino
acid
substitution
m
odel,as
selected
by
ProtTest.A
consensus
tree
w
as
generated
from
these
replicate
trees
using
Consense,and
the
consensus
tree
w
as
visualized
and
annotated
as
a
cladogram
using
iTO
L
( Fig.6).
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bstract
Fungiare
possibly
the
m
ost
diverse
eukaryotic
kingdom
,w
ith
over
a
m
illion
m
em
ber
species
and
an
evolutionary
history
dating
back
a
billion
years.Fungi
have
been
at
the
forefront
of
eukaryotic
genom
ics,and
ow
ing
to
initiatives
like
the
1000
Fungal
G
enom
es
Projectthe
am
ountoffungalgenom
ic
data
has
increased
considerably
over
the
last5
years,enabling
large-scale
com
parative
genom
ics
ofspecies
across
the
king-
dom
.In
thischapter,w
e
firstreview
fungalevolution
and
the
history
offungalgenom
ics.
A
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m
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A
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W
e
then
review
in
detailseven
phylogenom
ic
m
ethods
and
reconstructthe
phylogeny
of84
fungalspecies
from
8
phyla
using
each
m
ethod.Six
m
ethodshave
seen
extensive
use
in
previous
fungalstudies,w
hile
a
Bayesian
supertree
m
ethod
is
novelto
fungal
phylogenom
ics.
W
e
find
that
both
established
and
novel
phylogenom
ic
m
ethods
can
accurately
reconstructthe
fungalkingdom
.Finally,w
e
discussthe
accuracy
and
suit-
ability
ofeach
phylogenom
ic
m
ethod
utilized.
1.
IN
TRO
D
U
CTIO
N
1.1
The
Phylogeny
of
the
FungalKingdom
T
h
e
fu
n
gi
are
o
n
e
o
f
th
e
six
k
in
gd
o
m
s
o
f
life
sen
su
C
avalier-Sm
ith
,
sister
to
th
e
an
im
alk
in
gd
o
m
,an
d
are
th
o
u
gh
t
to
sp
an
ap
p
ro
x
im
ately
1.5
m
illio
n
sp
e-
cies
fo
u
n
d
acro
ss
a
b
ro
ad
ran
ge
o
f
eco
system
s
(B
ald
au
f
&
P
alm
er,
1
993;
B
erb
ee
&
T
aylo
r,
1992
;
C
avalier-Sm
ith
,
199
8;
H
aw
k
sw
o
rth
,
20
01;
N
ik
o
h
,
H
ayase,
Iw
ab
e,
K
u
m
a,
&
M
iyata,
1994).
W
h
ile
th
e
o
verall
fo
ssil
reco
rd
o
f
th
e
fu
n
gi
is
p
o
o
r
d
u
e
to
th
eir
sim
p
le
m
o
rp
h
o
lo
gy,
fu
n
gal
fo
ssils
h
ave
b
een
id
en
tified
d
atin
g
b
ack
to
th
e
O
rd
o
vician
p
erio
d
ap
p
ro
x
im
ately
400
m
illio
n
years
ago
(R
ed
eck
er,2000)
an
d
m
o
lecu
lar
clo
ck
an
alyses
su
ggest
th
at
th
e
fu
n
gi
o
rigin
ated
in
th
e
P
recam
b
rian
eo
n
ap
p
ro
xim
ately
0.7
6–
1.0
6
b
illio
n
years
ago
(B
erb
ee
&
T
aylo
r,
201
0).
C
lassic
stu
d
ies
in
to
fu
n
gal
evo
-
lu
tio
n
w
ere
b
ased
o
n
th
e
co
m
p
ariso
n
o
fm
o
rp
h
o
lo
gicalo
r
b
io
ch
em
icalch
ar-
acteristics;h
o
w
ever,th
e
b
ro
ad
ran
ge
o
fd
iversity
w
ith
in
th
e
fu
n
galk
in
gd
o
m
h
ad
lim
ited
th
e
efficacy
o
f
so
m
e
o
f
th
ese
stu
d
ies
(B
erb
ee
&
T
aylo
r,
1
992;
H
eath
,
198
0;
L!ejo
h
n
,
1974;
T
aylo
r,
1
978).
Sin
ce
th
e
d
evelo
p
m
en
t
o
f
p
h
y-
lo
gen
etic
ap
p
ro
ach
es
w
ith
in
system
atics
an
d
th
e
in
co
rp
o
ratio
n
o
f
m
o
lecu
lar
d
ata
in
to
p
h
ylo
gen
etic
an
alyses,
o
u
r
u
n
d
erstan
d
in
g
o
f
th
e
evo
lu
tio
n
o
f
fu
n
gi
h
as
im
p
ro
ved
su
b
stan
tially
(G
u
arro
,
G
en!e,
&
Stch
igel,
1999
).
In
itial
ph
ylo
gen
etic
an
alyses
o
f
fu
n
gal
species
h
ad
revealed
th
at
th
ere
w
ere
fo
u
r
distin
ct
ph
yla
w
ith
in
th
e
fu
n
gal
kin
gdo
m
:
th
e
early-divergin
g
C
h
ytridio
m
yco
ta
an
d
Z
ygo
m
yco
ta,
an
d
th
e
A
sco
m
yco
ta
an
d
B
asidio
m
yco
ta.
T
h
e
C
h
ytridio
m
yco
ta
gro
u
pin
g
w
as
later
su
bject
to
revisio
n
(Jam
es
et
al.,
2006),
an
d
in
th
eir
co
m
preh
en
sive
classificatio
n
o
f
th
e
fu
n
gal
kin
gdo
m
in
2007
H
ibbet
et
al.
fo
rm
ally
aban
do
n
ed
th
e
ph
ylu
m
Z
ygo
m
yco
ta
(H
ibbett
et
al.,
2007).
In
stead,
H
ibbet
et
al.
treated
zygo
m
ycete
species
as
fo
u
r
incertae
sedissu
bph
yla
(E
n
to
m
o
ph
th
o
ro
m
yco
tin
a,K
ickello
m
yco
tin
a,M
u
co
ro
m
yco
tin
a,
an
d
Z
o
o
pago
m
yco
tin
a)
an
d
su
bsequ
en
tly
described
o
n
e
su
bkin
gdo
m
(th
e
D
ikarya)
an
d
seven
ph
yla
n
am
ely
C
h
ytridio
m
yco
ta,
N
eo
callim
astigo
m
yco
ta,
B
lasto
cladio
m
yco
ta,
M
icro
spo
ridia,
G
lo
m
ero
m
yco
ta,
A
sco
m
yco
ta,
an
d
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G
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D
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A
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B
asidio
m
yco
ta
(H
ibbett
et
al.,
2007).
M
o
re
recen
t
ph
ylo
gen
etic
classificatio
n
o
f
th
e
zygo
m
ycetes
h
as
led
to
th
e
circu
m
scriptio
n
o
f
th
e
M
u
co
ro
m
yco
ta
an
d
Z
o
o
pago
m
yco
ta
ph
yla
(Spatafo
ra
et
al.,
2016).
F
u
rth
erm
o
re,
recen
t
ph
ylo
ge-
n
etic
an
alysesh
ave
sh
o
w
n
th
atR
ozella
specieso
ccu
py
a
deep
bran
ch
in
g
po
sitio
n
in
th
e
fu
n
galkin
gdo
m
(Jam
es
et
al.,
2006;
Jo
n
es,
F
o
rn
,
et
al.,
2011),
th
e
clade
co
n
tain
in
g
th
ese
species
are
n
o
w
term
ed
th
e
C
rypto
m
yco
ta
ph
ylu
m
(Jo
n
es,
F
o
rn
,
et
al.,
2011;
Jo
n
es,
R
ich
ards,
H
aw
ksw
o
rth
,
&
B
ass,
2011).
1.2
Saccharom
yces
cerevisiae
and
the
O
rigin
of
M
odern
FungalG
enom
ics
In
term
s
o
f
gen
o
m
ic
d
ata,
fu
n
gi
are
b
y
far
th
e
h
igh
est
sam
p
led
eu
k
aryo
tic
k
in
gdo
m
,
w
ith
assem
b
ly
d
ata
available
fo
r
o
ver
1000
fu
n
gal
species
o
n
th
e
N
C
B
I’s
G
en
B
an
k
facility
as
o
f
M
ay
2017.
M
an
y
o
f
th
ese
sp
ecies
also
h
ave
m
u
ltip
le
strain
s
sequ
en
ced
(th
e
m
o
st
extrem
e
exam
p
le
b
ein
g
S
.
cerevisiae,
w
h
ich
h
aso
ver
400
strain
assem
b
liesavailab
le
o
n
G
en
B
an
k
).T
h
isreflectsb
o
th
th
e
u
biqu
ity
o
f
fu
n
gi
in
m
an
y
areas
o
f
b
io
lo
gical
an
d
m
ed
ical
stu
dy
an
d
th
e
relative
sim
p
licity
o
f
seq
u
en
cin
g
fu
n
gal
gen
o
m
es
w
ith
m
o
dern
seq
u
en
cin
g
tech
n
o
lo
gy.
F
u
n
gi
h
ave
b
een
th
e
exem
p
lar
gro
u
p
in
eu
k
aryo
te
gen
etics
an
d
gen
o
m
ics,
fro
m
th
e
first
d
eterm
in
atio
n
o
f
a
n
u
cleic
acid
seq
u
en
ce
taken
fro
m
S
.
cerevisiae
b
y
H
o
lley
an
d
co
m
pan
y
in
th
e
late
196
0s
to
th
e
seq
u
en
cin
g
o
fth
e
first
eu
k
aryo
tic
gen
o
m
e
in
th
e
m
id-1
990s
(G
o
ffeau
et
al.,1996;H
o
lley
et
al.,
196
5).
T
h
e
gen
o
m
e
o
f
S
.
cerevisiae
w
as
seq
u
en
ced
th
ro
u
gh
a
m
assive
in
tern
atio
n
al
co
llabo
ratio
n
th
at
grew
to
in
vo
lve
app
ro
xim
ately
600
scien
tists
in
94
lab
o
rato
ries
an
d
sequ
en
cin
g
cen
ters
fro
m
acro
ss
19
co
u
n
tries
b
etw
een
1
989
an
d
199
6
(E
n
gelet
al.,2
014;G
o
ffeau
et
al.,1996;G
o
ffeau
&
V
assaro
tti,
1991).T
h
ro
u
gh
o
u
t
th
e
early
1
990
s,each
o
fth
e
stan
dard
16
n
u
clear
ch
ro
m
o
-
so
m
eso
fS
.cerevisiae,so
u
rced
fro
m
th
e
co
m
m
o
n
labo
rato
ry
strain
288C
an
d
its
iso
gen
ic
d
erivative
strain
s
A
B
972
an
d
F
Y
1679,
w
as
in
d
ivid
u
ally
sequ
en
ced
an
d
p
u
b
lish
ed
b
y
p
articipatin
g
research
ers
(E
n
gelet
al.,
201
4
b
riefly
su
m
m
a-
rize
each
o
fth
ese
seq
u
en
cin
g
p
ro
jects)
w
ith
th
e
in
itialp
u
b
licatio
n
o
fch
ro
m
o
-
so
m
e
III
in
vo
lvin
g
35
E
u
ro
p
ean
lab
o
rato
ries
o
n
its
o
w
n
(O
liver
et
al.,
1992).
T
h
e
co
m
plete
gen
o
m
e
sequ
en
ce
o
f
S
.
cerevisiae
288C
w
as
fin
ally
p
u
b
lish
ed
in
199
6,
w
ith
5885
p
u
tative
p
ro
tein
-co
d
in
g
gen
es
an
d
275
tran
sfer
R
N
A
gen
es
iden
tified
acro
ss
th
e
gen
o
m
e’s!
1
2
m
illio
n
b
ase
p
airs
(G
o
ffeau
et
al.,
1996).
In
th
e
in
terven
in
g
years
th
e
S
.
cerevisiae
28
8C
referen
ce
gen
o
m
e
h
as
b
een
co
n
stan
tly
u
p
d
ated
an
d
refin
ed
as
in
d
ivid
u
al
gen
es
o
r
ch
ro
m
o
so
m
es
h
ave
b
een
rean
alyzed
o
r
even
reseq
u
en
ced
,
an
d
all
o
f
th
ese
revisio
n
s
h
ave
b
een
reco
rd
ed
an
d
m
ain
tain
ed
b
y
th
e
Sacch
aro
m
yces
G
en
o
m
e
D
atab
ase
(F
isk
et
al.,
2006).
It
is
w
o
rth
n
o
tin
g,
h
o
w
ever,
th
at
su
ch
w
as
th
e
atten
tio
n
p
aid
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A
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to
th
e
o
rigin
al
seq
u
en
cin
g
p
ro
ject
b
y
its
co
n
trib
u
to
rs
th
at
th
e
m
o
st
recen
t
m
ajo
r
u
p
d
ate
o
f
th
e
S
.
cerevisiae
28
8C
referen
ce
gen
o
m
e,a
fu
llreseq
u
en
cin
g
o
f
th
e
d
erivative
A
B
972
strain
u
sin
g
far
less
lab
o
r-in
ten
sive
m
o
d
ern
seq
u
en
cin
g
an
d
an
n
o
tatio
n
tech
n
iq
u
es,
m
ad
e
o
n
ly
m
in
o
r
alteratio
n
s
to
th
e
o
rigin
al
gen
o
m
e
an
n
o
tatio
n
o
verall
(E
n
gel
et
al.,
20
14).
M
u
ch
o
f
o
u
r
u
n
d
erstan
d
in
g
regard
in
g
th
e
p
ro
cesses
o
f
gen
o
m
e
evo
lu
tio
n
in
eu
k
aryo
tes
sin
ce
1996
h
as
also
b
een
d
erived
fro
m
th
e
stu
d
y
o
f
th
e
S
.
cerevisiae
28
8C
gen
o
m
e,in
clu
d
in
g
th
e
co
n
firm
atio
n
th
atth
e
S
.cerevisiae
gen
o
m
e
h
ad
u
n
d
er-
go
n
e
a
w
h
o
le-gen
o
m
e
d
u
p
licatio
n
(W
G
D
)
even
t
(K
ellis,
B
irren
,
&
L
an
d
er,
2004;
W
o
lfe
&
Sh
ield
s,
1997
),
th
e
effect
o
f
in
tersp
ecific
h
yb
rid
izatio
n
o
n
gen
o
m
e
co
m
p
lexity
(D
e
B
arro
s
L
o
p
es,
B
ello
n
,
Sh
irley,
&
G
an
ter,
2
002),
evid
en
ce
th
atin
terd
o
m
ain
h
o
rizo
n
talgen
e
tran
sfer
(H
G
T
)
fro
m
p
ro
k
aryo
tes
in
to
eu
k
aryo
tes
h
as
o
ccu
rred
(H
all&
D
ietrich
,20
07),to
th
e
o
n
go
in
g
d
evel-
o
p
m
en
t
o
f
an
en
tirely
syn
th
etic
gen
o
m
e
th
ro
u
gh
th
e
S
c2.0
p
ro
ject
(A
n
n
alu
ru
et
al.,
201
4).
1.3
FungalG
enom
ics
and
Phylogenom
ics
Beyond
the
Yeast
G
enom
e
A
s
m
o
re
m
o
d
el
o
rgan
ism
s
fro
m
o
th
er
eu
k
aryo
tic
k
in
gd
o
m
s
h
ad
th
eir
gen
o
m
es
seq
u
en
ced
,
S
.
cerevisiae
288C
p
ro
vid
ed
a
u
sefu
l
co
m
p
ariso
n
as
th
e
referen
ce
fu
n
gal
gen
o
m
e,
even
fo
r
m
o
re
co
m
p
lex
eu
k
aryo
tes
lik
e
D
ro-
sophila
m
elanogaster.
H
o
w
ever,
th
e
later
seq
u
en
cin
g
o
f
o
th
er
m
o
d
el
fu
n
gal
sp
ecies
S
chiz
osaccharom
yces
pom
be
an
d
N
eurospora
crassa
sh
o
w
ed
th
e
lim
its
o
f
relyin
g
so
lely
o
n
S
.
cerevisiae
as
a
referen
ce
fo
r
th
e
en
tire
fu
n
gal
k
in
gd
o
m
,
p
articu
larly
th
e
latter;
N
.
crassa
w
as
fo
u
n
d
to
h
ave
a
far
larger
gen
o
m
e
th
an
eith
er
S
.
cerevisiae
o
r
S
.
pom
be
an
d
o
ver
57
%
o
f
gen
es
p
red
icted
in
N
.
crassa
h
ad
n
o
h
o
m
o
lo
g
in
eith
er
o
f
th
e
o
th
er
tw
o
seq
u
en
ced
fu
n
gal
gen
o
m
es
(G
alagan
et
al.,
200
3
;
G
alagan
,
H
en
n
,
M
a,
C
u
o
m
o
,
&
B
irren
,
2
005;
W
o
o
d
et
al.,
20
02
).
B
o
rn
e
o
u
t
o
f
a
lu
ll
in
fu
n
gal
gen
o
m
ic
ad
van
ces
an
d
th
e
in
creasin
g
so
p
h
isticatio
n
o
fseq
u
en
cin
g
tech
n
o
lo
gy,th
e
F
u
n
galG
en
o
m
e
In
itiative
(F
G
I)
w
as
set
u
p
b
y
a
n
u
m
b
er
o
fresearch
o
rgan
izatio
n
s
in
th
e
early
2000s,u
n
d
er
th
e
aegis
o
fth
e
B
ro
ad
In
stitu
te
(C
u
o
m
o
&
B
irren
,20
10
).C
o
l-
lab
o
rato
rs
w
ith
in
th
e
F
G
I
w
ere
task
ed
w
ith
th
e
seq
u
en
cin
g
an
d
an
n
o
tatin
g
th
e
gen
o
m
es
o
fo
ver
40
sp
eciesfro
m
acro
ssth
e
fu
n
galk
in
gd
o
m
,w
ith
a
b
ro
ad
sco
p
e
o
f
sp
ecies
selected
fo
r
an
alysis,
m
ed
ically
sign
ifican
t
h
u
m
an
fu
n
gal
p
ath
o
gen
s
lik
e
C
andida
albicans
an
d
A
spergillus
fum
igatus,
co
m
m
ercially
im
p
o
rtan
t
sp
ecies
su
ch
as
P
enicillium
chrysogenum
an
d
S
clerotinia
sclerotiorum
,
as
w
ell
as
b
asal
fu
n
gal
sp
ecies
su
ch
as
P
hycom
yces
blakesleeanus
(C
u
o
m
o
&
B
irren
,
20
10).
B
etw
een
2004
an
d
2012
,
in
ap
p
ro
x
im
ately
th
e
sam
e
am
o
u
n
t
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o
f
tim
e
it
h
ad
tak
en
to
seq
u
en
ce
each
in
d
ivid
u
alch
ro
m
o
so
m
e
o
f
S
.
cerevisiae
2
88C
in
th
e
199
0s,
o
ver
1
00
fu
n
gal
gen
o
m
es
w
ere
seq
u
en
ced
an
d
m
ad
e
p
u
b
licly
availab
le
o
n
facilities
lik
e
G
en
B
an
k
an
d
th
e
Jo
in
t
G
en
o
m
e
In
stitu
te
(JG
I)’s
G
en
o
m
e
P
o
rtal
w
eb
site
(B
en
so
n
et
al.,
20
13;
G
rigo
riev,
N
o
rd
b
erg,
et
al.,
201
1).
T
h
e
stead
y
in
crease
in
gen
o
m
ic
d
ata
availab
le
fo
r
fu
n
gi
fro
m
th
e
first
d
ecad
e
o
f
th
is
cen
tu
ry
o
n
,
w
h
ile
still
sam
p
led
m
ain
ly
fro
m
th
e
A
sco
m
yco
ta
an
d
B
asid
io
m
yco
ta
p
h
yla,
allo
w
ed
fo
r
a
greater
ran
ge
o
f
fu
n
gal
gen
o
m
ic
an
alyses
to
b
e
co
n
d
u
cted
.T
h
is
in
clu
d
ed
p
h
ylo
gen
o
m
ic
an
alyses
o
fth
e
fu
n
gal
k
in
gd
o
m
u
sin
g
a
variety
o
fd
ifferen
tm
eth
o
d
s
(w
h
ich
w
e
w
illd
iscu
ss
in
d
etail
in
th
e
fo
llo
w
in
g
sectio
n
)
an
d
co
m
p
arative
in
vestigatio
n
s
su
ch
as
an
alysis
o
f
th
e
evo
lu
tio
n
o
f
p
ath
o
gen
icity
in
gen
era
lik
e
C
andida
o
r
A
spergillus
(B
u
tler
et
al.,
2009;
G
alagan
,
C
alvo
,
C
u
o
m
o
,
et
al.,
2
005
;
Jack
so
n
et
al.,
2009),
th
e
exten
t
o
f
in
ter-/in
trak
in
gd
o
m
H
G
T
b
o
th
to
an
d
fro
m
fu
n
gal
gen
o
m
es
(F
itzp
atrick
,
L
o
gu
e,
&
B
u
tler,
2
008
;
M
arcet-H
o
u
b
en
&
G
ab
ald
ó
n
,
20
10
;
R
ich
ard
s
et
al.,
201
1
;
Sz€o
llő
si,
D
avı́n
,
T
an
n
ier,
D
au
b
in
,
&
B
o
u
ssau
,
20
15
),
id
en
tificatio
n
o
f
clu
sters
o
f
seco
n
d
ary
m
etab
o
lites
(K
eller,
T
u
rn
er,
&
B
en
n
ett,
20
05
;
K
h
ald
i
et
al.,
2
01
0
),
an
d
syn
ten
ic
relatio
n
sh
ip
s
acro
ss
S
accharom
yces
an
d
C
andida
(B
yrn
e
&
W
o
lfe,
2
0
0
5
;
F
itzp
atrick
,
O
’G
ao
ra,
B
yrn
e,
&
B
u
tler,
20
1
0
).
T
h
e
w
ealth
o
f
gen
o
m
ic
d
ata
availab
le
fo
r
so
m
e
fu
n
gal
o
rd
ers
o
r
classes
h
as
allo
w
ed
fo
r
easier
au
to
m
atio
n
o
f
th
e
seq
u
en
cin
g
an
d
an
n
o
tatio
n
o
f
n
o
vel-related
sp
ecies,
th
ro
u
gh
th
e
d
evelo
p
-
m
en
to
freferen
ce
tran
scrip
to
m
ic
o
r
p
ro
teo
m
ic
d
ata
fo
r
gen
e
p
red
ictio
n
so
ft-
w
are
su
ch
as
A
U
G
U
ST
U
S
o
r
q
u
ality
assessm
en
t
so
ftw
are
fo
r
gen
o
m
e
assem
b
ly
su
ch
as
B
U
S
C
O
(S
im
ão
,
W
aterh
o
u
se,
Io
an
n
id
is,
K
riven
tseva,
&
Z
d
o
b
n
o
v,
20
1
5
;
S
tan
k
e,
Stein
k
am
p
,
W
aack
,
&
M
o
rgen
stern
,
200
4
).
1.4
The
1000
FungalG
enom
es
Project
T
h
e
recen
t
d
elu
ge
o
f
gen
o
m
ic
d
ata
availab
le
fo
r
th
e
fu
n
gal
k
in
gd
o
m
co
m
es
as
a
resu
lt
o
f
th
e
100
0
F
u
n
gal
G
en
o
m
es
P
ro
ject,
an
in
itiative
h
ead
ed
b
y
th
e
JG
I.
T
h
e
p
ro
ject
(w
h
ich
can
b
e
fo
u
n
d
at
h
ttp
://gen
o
m
e.jgi.d
o
e.go
v/p
ages/
fu
n
gi-1000-p
ro
jects.jsf)
aim
s
to
p
ro
vid
e
gen
o
m
ic
seq
u
en
ce
d
ata
fro
m
at
least
o
n
e
sp
ecies
fro
m
every
circu
m
scrib
ed
fu
n
gal
fam
ily,
eith
er
fro
m
p
ro
jects
h
ead
ed
b
y
th
e
JG
I,
p
ro
jects
w
h
ich
h
ave
b
een
in
co
rp
o
rated
in
to
th
e
M
yco
-
C
o
sm
d
atab
ase
o
r
th
ro
u
gh
co
m
m
u
n
ity-led
n
o
m
in
atio
n
an
d
p
ro
visio
n
o
f
seq
u
en
cin
g
m
aterial.
T
h
e
p
ro
ject
h
as
an
in
b
u
ilt
p
referen
ce
fo
r
seq
u
en
cin
g
p
ro
jects
arisin
g
fro
m
fam
ilies
w
ith
n
o
seq
u
en
ced
sp
ecies
to
d
ate,
o
r
o
n
ly
o
n
e
o
th
er
referen
ce
gen
o
m
e
at
th
e
tim
e
o
f
n
o
m
in
atio
n
.
A
ssem
b
ly
an
d
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A
uthor's personal copy
an
n
o
tatio
n
d
ata
are
th
en
h
o
sted
at
th
e
JG
I’s
M
yco
C
o
sm
facility
as
w
ell
as
o
th
er
p
u
b
lically
availab
le
d
atab
ases
(G
rigo
riev
et
al.,
2
014
).
T
h
is
co
m
m
u
n
ity-w
id
e
effo
rt
h
as
led
to
a
staggerin
g
in
crease
in
th
e
n
u
m
b
er
o
f
fu
n
gal
gen
o
m
es
availab
le
w
ith
in
th
e
last
5
years;
G
rigo
riev
et
al.
(2
014
)
q
u
o
ted
th
e
n
u
m
b
er
o
f
gen
o
m
es
p
resen
t
in
M
yco
C
o
sm
at
o
ver
250
at
th
e
en
d
o
f
2013
;
as
o
f
M
ay
201
7
th
ere
are
772
fu
n
gal
gen
o
m
es
availab
le
to
d
o
w
n
lo
ad
fro
m
th
e
facility,
w
ith
an
o
th
er
50
0
sp
ecies
n
o
m
in
ated
fo
r
seq
u
en
cin
g.
T
h
e
p
ro
ject
h
as
seen
a
large
in
crease
p
articu
larly
in
th
e
am
o
u
n
t
o
f
d
ata
availab
le
fro
m
fu
n
galp
h
yla
o
u
tsid
e
o
f
th
e
D
ik
arya,
w
ith
58
gen
o
m
es
cu
rren
tly
availab
le
fro
m
th
e
zygo
m
ycetes,
th
e
C
h
ytrid
io
m
yco
ta,
N
eo
calli-
m
astigo
m
yco
ta,
an
d
B
lasto
cladio
m
yco
ta.
T
h
ere
are
m
an
y
o
th
er
fu
n
gal
fam
-
ilies
w
ith
sp
ecies
yet
to
b
e
n
o
m
in
ated
fo
r
sequ
en
cin
g,in
clu
din
g
m
an
y
fam
ilies
fro
m
th
e
P
ezizo
m
yco
tin
a
su
bp
h
ylu
m
w
ith
in
A
sco
m
yco
ta
an
d
th
e
C
h
ytridio
-
m
yco
ta
p
h
ylu
m
.
It
is
h
o
ped
th
at
th
e
w
ealth
o
f
fu
n
gal
gen
o
m
ic
d
ata
arisin
g
fro
m
th
e
100
0
F
u
n
galG
en
o
m
es
P
ro
ject
w
illh
elp
,am
o
n
g
co
u
n
tless
o
th
er
sce-
n
ario
s,to
fu
elth
e
search
fo
r
n
o
velb
io
syn
th
etic
pro
d
u
cts
an
d
to
better
u
n
der-
stan
d
th
e
eco
lo
gical
effects
o
f
differen
t
fam
ilies
w
ith
in
th
e
fu
n
gal
kin
gdo
m
(G
rigo
riev,C
u
llen
,et
al.,2011).T
h
e
in
itiative
w
illalso
en
ab
le
th
e
large-scale
co
m
p
arative
an
alysiso
fh
u
n
dred
so
ffu
n
galspeciesfro
m
acro
ssth
e
fu
n
galk
in
g-
d
o
m
,
in
clu
din
g
k
in
gd
o
m
-level
p
h
ylo
gen
o
m
ic
reco
n
stru
ctio
n
s.
2.
PH
YLO
G
EN
O
M
IC
RECO
N
STRU
CTIO
N
S
O
F
TH
E
FU
N
G
A
L
K
IN
G
D
O
M
P
h
ylo
gen
etic
in
feren
ce
arisin
g
fro
m
m
o
lecu
lar
d
ata
h
as,
in
th
e
p
ast,
p
red
o
m
in
ately
relied
o
n
sin
gle
gen
es
o
r
sm
all
n
u
m
b
ers
o
f
h
igh
ly
co
n
served
gen
es
o
r
n
u
clear
m
ark
ers.W
h
ile
u
su
ally
th
ese
m
ark
ers
m
ak
e
fo
r
ro
b
u
st
in
d
i-
vid
u
alp
h
ylo
gen
ies,p
o
ten
tialco
n
flictscan
o
ccu
r
b
etw
een
in
d
ivid
u
alp
h
ylo
g-
en
ies
d
ep
en
d
in
g
o
n
th
e
m
ark
er(s)
u
sed
.
T
h
e
selectio
n
o
f
su
ch
m
ark
ers
m
ay
also
o
verlo
o
k
o
th
er
gen
e
fam
ilies
w
h
ich
m
ay
b
e
p
h
ylo
gen
etically
in
fo
rm
a-
tive,
su
ch
as
gen
e
d
u
p
licatio
n
even
ts
o
r
H
G
T
even
ts
(B
in
in
d
a-E
m
o
n
d
s,
2004).
W
ith
th
e
ad
ven
t
o
f
gen
o
m
e
seq
u
en
cin
g
an
d
th
e
in
creasin
g
so
p
h
isti-
catio
n
o
f
b
io
in
fo
rm
atics
so
ftw
are
an
d
tech
n
iq
u
es,
it
h
as
b
eco
m
e
co
m
m
o
n
p
ractice
to
reco
n
stru
ct
th
e
evo
lu
tio
n
ary
relatio
n
sh
ip
s
o
f
sp
ecies
b
y
u
tilizin
g
large
am
o
u
n
ts
o
f
p
h
ylo
gen
etically
in
fo
rm
ative
gen
o
m
ic
d
ata.
Su
ch
d
ata
can
in
clu
d
e
u
b
iq
u
ito
u
s
o
r
co
n
served
gen
es,
in
d
ivid
u
al
o
rth
o
lo
go
u
s
an
d
p
aralo
go
u
sgen
e
p
h
ylo
gen
ies,sh
ared
gen
o
m
ic
co
n
ten
t,o
r
co
m
p
o
sitio
n
alsig-
n
atu
res
o
f
gen
o
m
es
(F
ig.
1
).
M
eth
o
d
s
o
f
p
h
ylo
gen
o
m
ic
an
alysis,
in
o
th
er
w
o
rd
s
p
h
ylo
gen
etic
reco
n
stru
ctio
n
o
fsp
ecies
u
sin
g
gen
o
m
e-scale
d
ata,h
ave
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Generating composition vectors
Initial generation of  a vector based on overlapping
strings of  length K per query genome.
N number of gene families
Depending on size and distribution of  taxa, aligned families
can be used to gene input data for supertree analysis
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Table 1 List of Species Used in Phylogenomic Analysis
Species Phylum Subphylum Class MycoCosm ID
Bipolaris maydis Ascomycota Pezizomycotina Dothideomycetes CocheC4_1
Cenococcum geophilum Ascomycota Pezizomycotina Dothideomycetes Cenge3
Hysterium pulicare Ascomycota Pezizomycotina Dothideomycetes Hyspu1_1
Zymoseptoria tritici Ascomycota Pezizomycotina Dothideomycetes Mycgr3
Aspergillus niger Ascomycota Pezizomycotina Eurotiomycetes Aspni7
Coccidioides immitis Ascomycota Pezizomycotina Eurotiomycetes Cocim1
Endocarpon pusillum Ascomycota Pezizomycotina Eurotiomycetes EndpusZ1
Exophiala dermatitidis Ascomycota Pezizomycotina Eurotiomycetes Exode1
Phaeomoniella chlamydospora Ascomycota Pezizomycotina Eurotiomycetes Phach1
Blumeria graminis Ascomycota Pezizomycotina Leotiomycetes Blugr1
Botrytis cinerea Ascomycota Pezizomycotina Leotiomycetes Botci1
Arthrobotrys oligospora Ascomycota Pezizomycotina Orbiliomycetes Artol1
Dactylellina haptotyla Ascomycota Pezizomycotina Orbiliomycetes Monha1
Pyronema omphalodes Ascomycota Pezizomycotina Pezizomycetes Pyrco1
Tuber melanosporum Ascomycota Pezizomycotina Pezizomycetes Tubme1
Coniochaeta ligniaria Ascomycota Pezizomycotina Sordariomycetes Conli1
Hypoxylon sp. EC38 Ascomycota Pezizomycotina Sordariomycetes HypEC38_3
Author's personal copy
Magnaporthe grisea Ascomycota Pezizomycotina Sordariomycetes Maggr1
Neurospora crassa Ascomycota Pezizomycotina Sordariomycetes Neucr_trp3_1
Ophiostoma piceae Ascomycota Pezizomycotina Sordariomycetes Ophpic1
Phaeoacremonium minimum Ascomycota Pezizomycotina Sordariomycetes Phaal1
Xylona heveae Ascomycota Pezizomycotina Xylonomycetes Xylhe1
Candida albicans Ascomycota Saccharomycotina Saccharomycetes Canalb1
Lipomyces starkeyi Ascomycota Saccharomycotina Saccharomycetes Lipst1_1
Ogataea polymorpha Ascomycota Saccharomycotina Saccharomycetes Hanpo2
Saccharomyces cerevisiae Ascomycota Saccharomycotina Saccharomycetes SacceM3707_1
Saitoella complicata Ascomycota Taphrinomycotina N/A Saico1
Pneumocystis jirovecii Ascomycota Taphrinomycotina Pneumocystidomycetes Pneji1
Schizosaccharomyces cryophilus Ascomycota Taphrinomycotina Schizosaccharomycetes Schcy1
Schizosaccharomyces japonicus Ascomycota Taphrinomycotina Schizosaccharomycetes Schja1
Schizosaccharomyces octosporus Ascomycota Taphrinomycotina Schizosaccharomycetes Schoc1
Schizosaccharomyces pombe Ascomycota Taphrinomycotina Schizosaccharomycetes Schpo1
Protomyces lactucaedebilis Ascomycota Taphrinomycotina Taphrinomycetes Prola1
Taphrina deformans Ascomycota Taphrinomycotina Taphrinomycetes Tapde1_1
Agaricus bisporus Basidiomycota Agaricomycotina Agaricomycetes Agabi_varbur_1
Continued
Author's personal copy
Table 1 List of Species Used in Phylogenomic Analysis—cont’d
Species Phylum Subphylum Class MycoCosm ID
Auricularia subglabra Basidiomycota Agaricomycotina Agaricomycetes Aurde3_1
Botryobasidium botryosum Basidiomycota Agaricomycotina Agaricomycetes Botbo1
Fibulorhizoctonia Basidiomycota Agaricomycotina Agaricomycetes Fibsp1
Gloeophyllum trabeum Basidiomycota Agaricomycotina Agaricomycetes Glotr1_1
Heterobasidion annosum Basidiomycota Agaricomycotina Agaricomycetes Hetan2
Jaapia argillacea Basidiomycota Agaricomycotina Agaricomycetes Jaaar1
Punctularia strigosozonata Basidiomycota Agaricomycotina Agaricomycetes Punst1
Serendipita indica Basidiomycota Agaricomycotina Agaricomycetes Pirin1
Serpula lacrymans Basidiomycota Agaricomycotina Agaricomycetes SerlaS7_3_2
Sistotremastrum suecicum Basidiomycota Agaricomycotina Agaricomycetes Sissu1
Sphaerobolus stellatus Basidiomycota Agaricomycotina Agaricomycetes Sphst1
Wolfiporia cocos Basidiomycota Agaricomycotina Agaricomycetes Wolco1
Calocera cornea Basidiomycota Agaricomycotina Dacrymycetes Calco1
Dacryopinax primogenitus Basidiomycota Agaricomycotina Dacrymycetes Dacsp1
Basidioascus undulatus Basidiomycota Agaricomycotina Geminibasidiomycetes Basun1
Cryptococcus neoformans Basidiomycota Agaricomycotina Tremellomycetes Cryne_JEC21_1
Cutaneotrichosporon oleaginosus Basidiomycota Agaricomycotina Tremellomycetes Triol1
Author's personal copy
Wallemia sebi Basidiomycota Agaricomycotina Wallemiomycetes Walse1
Leucosporidium creatinivorum Basidiomycota Pucciniomycotina Microbotryomycetes Leucr1
Microbotryum lychnidis-dioicae Basidiomycota Pucciniomycotina Microbotryomycetes Micld1
Rhodotorula graminis Basidiomycota Pucciniomycotina Microbotryomycetes Rhoba1_1
Mixia osmundae Basidiomycota Pucciniomycotina Mixiomycetes Mixos1
Puccinia graminis Basidiomycota Pucciniomycotina Pucciniomycetes Pucgr2
Tilletiaria anomala Basidiomycota Ustilaginomycotina Exobasidiomycetes Tilan2
Malassezia sympodialis Basidiomycota Ustilaginomycotina Malasseziomycetes Malsy1_1
Sporisorium reilianum Basidiomycota Ustilaginomycotina Ustilaginomycetes Spore1
Ustilago maydis Basidiomycota Ustilaginomycotina Ustilaginomycetes Ustma1
Allomyces macrogynus Blastocladiomycota N/A Blastocladiomycetes GCA_000151295.1
Catenaria anguillulae Blastocladiomycota N/A Blastocladiomycetes Catan2
Batrachochytrium dendrobatidis Chytridiomycota N/A Chytridiomycetes GCA_000149865.1
Rhizoclosmatium globosum Chytridiomycota N/A Chytridiomycetes Rhihy1
Spizellomyces punctatus Chytridiomycota N/A Chytridiomycetes Spipu1
Gonapodya prolifera Chytridiomycota N/A Monoblepharidomycetes Ganpr1
Rozella allomycis Cryptomycota N/A N/A Rozal1_1
Rhizophagus irregularis Mucoromycota Glomeromycotina Glomeromycetes Gloin1
Continued
Author's personal copy
Table 1 List of Species Used in Phylogenomic Analysis—cont’d
Species Phylum Subphylum Class MycoCosm ID
Mortierella elongate Mucoromycota Mortierellomycotina N/A Morel2
Phycomyces blakesleeanus Mucoromycota Mucoromycotina N/A Phybl2
Rhizopus oryzae Mucoromycota Mucoromycotina N/A Rhior3
Umbelopsis ramanniana Mucoromycota Mucoromycotina N/A Umbra1
Anaeromyces robustus Neocallimastigomycota N/A Neocallimastigomycetes Anasp1
Neocallimastix californiae Neocallimastigomycota N/A Neocallimastigomycetes Neosp1
Orpinomyces sp. C1A Neocallimastigomycota N/A Neocallimastigomycetes Orpsp1_1
Piromyces finnis Neocallimastigomycota N/A Neocallimastigomycetes Pirfi3
Basidiobolus meristosporus Zoopagomycota Entomophthoromycotina Basidiobolomycetes Basme2finSC
Conidiobolus thromboides Zoopagomycota Entomophthoromycotina Entomophthoromycetes Conth1
Coemansia reversa Zoopagomycota Kickxellomycotina N/A Coere1
Linderina pennispora Zoopagomycota Kickxellomycotina N/A Linpe1
Martensiomyces pterosporus Zoopagomycota Kickxellomycotina N/A Marpt1
Ramicandelaber brevisporus Zoopagomycota Kickxellomycotina N/A Rambr1
Genome data fromMycoCosm (http://genome.jgi.doe.gov/programs/fungi/index.jsf) has previously been published andMycoCosm ID is given in final column. GEN-
BANK accessions given for Allomyces macrogynus and Batrachochytrium dendrobatidis.
Author's personal copy
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arsim
o
n
y
an
alysis
am
o
n
g
o
th
er
m
eth
o
d
s
to
reco
n
stru
ct
th
e
p
h
ylo
gen
y
o
f
seven
S
accharom
yces
sp
ecies
an
d
C
.
albicans;
th
e
au
th
o
rs
sh
o
w
ed
th
at
in
co
n
gru
en
ce
am
o
n
g
in
d
ivid
u
al
gen
e
p
h
ylo
gen
ies
co
u
ld
b
e
reso
lved
w
ith
h
igh
su
p
p
o
rt
u
sin
g
a
co
n
caten
ated
align
m
en
t
(R
o
k
as,
W
illiam
s,
K
in
g,
&
C
arro
ll,
2
003).
In
itial
gen
o
m
e-b
ased
p
h
ylo
gen
ies
o
f
A
sco
m
yco
ta
u
sin
g
17
gen
o
m
es
an
d
b
o
th
su
p
ertree
an
d
su
p
-
erm
atrix
m
eth
o
d
s
reso
lved
b
o
th
P
ezizo
m
yco
tin
a
an
d
S
acch
aro
m
yco
tin
a,
as
w
ell
as
p
lacin
g
S
.
pom
be
as
an
early-d
ivergin
g
b
ran
ch
w
ith
in
A
sco
m
yco
ta
(R
o
b
b
ertse,
R
eeves,
S
ch
o
ch
,
&
Sp
atafo
ra,
2006
).
R
o
b
b
ertse
et
al.
(200
6)
gen
erated
a
su
p
eralign
m
en
t
o
f
195,664
am
in
o
acid
ch
aracters
in
len
gth
derived
fro
m
781
gen
e
fam
ilies,
w
h
ich
pro
du
ced
iden
tical
to
po
lo
gies
u
n
der
bo
th
n
eigh
bo
r-jo
in
in
g
an
d
m
axim
u
m
-likelih
o
o
d
criteria.
T
h
e
first
large-scale
ph
ylo
gen
o
m
ic
an
alysis
o
f
fu
n
gi
u
sed
a
67,101-ch
aracter
su
p
eralign
m
en
t
derived
fro
m
531
eu
karyo
tic
C
O
G
s
fo
u
n
d
in
21
fu
n
galgen
o
m
es,allo
fw
h
ich
w
ere
sam
pled
fro
m
A
sco
m
yco
ta
an
d
B
asid
io
m
yco
ta
(K
u
ram
ae,
R
o
bert,
Sn
el,
W
eiß
,&
B
o
ekh
o
u
t,2006).A
m
o
re
exten
sive
ph
ylo
gen
o
m
ic
an
alysis
fro
m
th
e
sam
e
year
pro
d
u
ced
2
h
igh
ly
co
n
gru
en
t
gen
o
m
e
ph
ylo
gen
ies
fro
m
42
fu
n
gal
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gen
o
m
es
u
sin
g
2
m
eth
o
d
s:
a
m
atrix
represen
tatio
n
w
ith
parsim
o
n
y
(M
R
P
)
su
p
ertree
derived
fro
m
4805
sin
gle-co
p
y
gen
e
fam
ilies
(w
h
ich
w
e
discu
ss
in
greater
detail
in
Sectio
n
2.2.1),
an
d
a
38,000-ch
aracter
su
p
eralign
m
en
t
derived
fro
m
153
u
biqu
ito
u
s
gen
e
fam
ilies
(F
itzpatrick,
L
o
gu
e,
Stajich
,
&
B
u
tler,
2006).
M
o
sto
fth
e
relatio
n
sh
ip
s
reso
lved
in
F
itzp
atrick
etal.(2
006
)w
ere
fu
rth
er
su
p
p
o
rted
b
y
a
31,123-ch
aracter
su
p
eralign
m
en
tfro
m
6
9
p
ro
tein
s
co
n
served
in
u
p
to
60
fu
n
gal
gen
o
m
es
gen
erated
b
y
M
arcet-H
o
u
b
en
,
M
arced
d
u
,
an
d
G
ab
ald
ó
n
(2
009),
alth
o
u
gh
th
ey
fo
u
n
d
a
large
d
egree
o
f
to
p
o
lo
gicalco
n
flict
w
ith
in
a
21-sp
ecies
Sacch
aro
m
yco
tin
a
clad
e
(M
arcet-H
o
u
b
en
&
G
ab
ald
ó
n
,
20
09;M
arcet-H
o
u
b
en
et
al.,2009
).A
later
fo
llo
w
-u
p
an
alysis
to
F
itzp
atrick
etal.(200
6)b
y
M
ed
in
a,Jo
n
es,an
d
F
itzp
atrick
(2
011)reco
n
stru
cted
th
e
p
h
y-
lo
gen
y
o
f
1
03
fu
n
gal
sp
ecies
b
y
p
erfo
rm
in
g
B
ayesian
an
alysis
o
n
a
12,267-
site
su
p
eralign
m
en
t
d
erived
fro
m
87
gen
e
fam
ilies
w
ith
a
p
h
yletic
ran
ge
o
f
o
ver
h
alf
o
f
th
eir
d
ataset,
in
ad
d
itio
n
to
su
p
ertree
an
alysis
(M
ed
in
a
et
al.,
2011).
A
recen
t
p
h
ylo
gen
o
m
ic
an
alysis
o
f
46
fu
n
gal
gen
o
m
es,
in
clu
d
in
g
25
zygo
m
ycetes
sp
ecies,reco
n
stru
cted
th
e
p
h
ylo
gen
y
o
f
th
e
early-d
ivergin
g
fu
n
gal
lin
eages
u
sin
g
a
60
,38
3-ch
aracter
su
p
eralign
m
en
t
(Sp
atafo
ra
et
al.,
2016).
A
n
o
th
er
recen
t
p
h
ylo
gen
o
m
ic
an
alysis
u
sed
a
2
8,8
07-site
su
p
er-
align
m
en
t
d
erived
fro
m
1
36
gen
e
fam
ilies
fro
m
40
eu
k
aryo
tic
gen
o
m
es
to
in
vestigate
th
e
evo
lu
tio
n
o
f
so
u
rcin
g
carb
o
n
fro
m
algal
an
d
p
lan
t
p
ectin
in
early-d
ivergin
g
fu
n
gi
(C
h
an
g
et
al.,
2
015
).
F
in
ally,
a
co
m
p
ariso
n
o
f
th
e
d
yn
am
ics
o
f
gen
o
m
e
evo
lu
tio
n
b
etw
een
28
D
ik
arya
sp
ecies
an
d
cyan
o
-
b
acteria
u
sed
a
su
p
erm
atrix
p
h
ylo
gen
y
o
f24,5
14
am
in
o
acid
ch
aracters
fro
m
529
fu
n
galgen
e
fam
iliesw
ith
large
p
h
yletic
ran
ge
as
a
scaffo
ld
to
in
fer
rates
o
f
in
trak
in
gd
o
m
H
G
T
w
ith
in
D
ik
arya
th
at
w
ere
n
ear
sim
ilar
to
th
o
se
w
ith
in
cyan
o
b
acteria
(Sz€o
llő
si
et
al.,
20
15
).
T
o
ex
ten
d
th
e
an
alysesd
escrib
ed
ab
o
ve,w
e
carried
o
u
tsu
p
erm
atrix
an
al-
ysis
u
sin
g
m
axim
u
m
-lik
elih
o
o
d
an
d
B
ayesian
m
eth
o
d
s
o
n
a
su
p
eralign
m
en
t
co
n
stru
cted
fro
m
o
rth
o
lo
go
u
s
gen
es
co
n
served
th
ro
u
gh
o
u
t
8
4
sp
ecies
fro
m
8
p
h
yla
w
ith
in
th
e
fu
n
gal
k
in
gd
o
m
.
2.1.2
Phylogenom
ic
Reconstruction
of
84
FungalSpecies
From
72
U
biquitous
G
ene
Fam
ilies
U
sing
M
axim
um
-Likelihood
and
Bayesian
Superm
atrix
Analysis
A
recipro
cal
B
L
A
ST
p
search
w
as
carried
o
u
t
betw
een
all
pro
tein
sequ
en
ces
fro
m
o
u
r
84-gen
o
m
e
dataset
an
d
458
co
re
o
rth
o
lo
go
u
s
gen
es
(C
O
G
s)
fro
m
S
.
cerevisiae
o
btain
ed
fro
m
th
e
C
E
G
M
A
dataset,
w
ith
an
e-valu
e
cu
to
ff
o
f
10
"
1
0
(C
am
ach
o
et
al.,
2009;
P
arra,
B
radn
am
,
&
K
o
rf,
2007),
fro
m
w
h
ich
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456
C
O
G
fam
ilies
w
ere
retrieved
(2
S
.
cerevisiae
C
O
G
s
did
n
o
t
retu
rn
an
y
h
o
m
o
lo
gs).F
ro
m
th
ese,86
u
biqu
ito
u
s
fu
n
galC
O
G
fam
ilies,i.e.,fam
ilies
co
n
-
tain
in
g
a
h
o
m
o
lo
g
fro
m
all84
in
pu
t
species,
w
ere
iden
tified.
E
ach
u
biqu
ito
u
s
fu
n
gal
C
O
G
fam
ily
w
as
align
ed
in
M
U
SC
L
E
,
an
d
co
n
served
regio
n
s
o
f
each
align
m
en
t
w
ere
sam
pled
in
G
blo
cks
u
sin
g
th
e
defau
lt
param
eters
(C
astresan
a,
2000;
E
dgar,
2004).
F
o
u
rteen
align
m
en
ts
did
n
o
t
retain
an
y
ch
aracter
data
after
G
blo
cks
filterin
g
an
d
w
ere
rem
o
ved
fro
m
fu
rth
er
an
alysis.T
h
e
rem
ain
in
g
72
sam
pled
align
m
en
ts
w
ere
co
n
caten
ated
in
to
a
su
peralign
m
en
t
o
f
8529
align
ed
po
sitio
n
s
u
sin
g
th
e
P
erl
pro
gram
F
A
Sco
n
C
at
(K
€u
ck
&
M
eu
sem
an
n
,
2010).
T
h
is
su
peralign
m
en
t
w
as
bo
o
tstrapped
100
tim
es
u
sin
g
Seqbo
o
t
(F
elsen
stein
,
1989),
an
d
m
axim
u
m
-likelih
o
o
d
ph
ylo
gen
etic
trees
w
ere
gen
er-
ated
fo
r
each
in
dividu
alreplicate
u
sin
g
P
h
yM
L
w
ith
an
L
G
+
I+
G
am
in
o
acid
su
bstitu
tio
n
m
o
del
as
selected
by
P
ro
tT
est
(D
arriba,
T
abo
ada,
D
o
allo
,
&
P
o
sada,
2011;
G
u
in
do
n
et
al.,
2010).
A
co
n
sen
su
s
ph
ylo
gen
y
w
as
gen
erated
fro
m
all
100
in
dividu
al
replicate
ph
ylo
gen
ies
u
sin
g
C
L
A
N
N
(C
reevey
&
M
cIn
ern
ey,
2005).
M
arko
v
C
h
ain
M
o
n
te
C
arlo
(M
C
M
C
)
B
ayesian
ph
ylo
-
gen
etic
in
feren
ce
w
as
carried
o
u
t
o
n
th
e
sam
e
su
peralign
m
en
t
u
sin
g
P
h
y-
lo
B
ayes
M
P
I
w
ith
th
e
defau
lt
C
A
T
+
G
T
R
am
in
o
acid
su
bstitu
tio
n
m
o
del,
ru
n
n
in
g
2
ch
ain
s
fo
r
1000,000
iteratio
n
s
an
d
sam
plin
g
every
100
iteratio
n
s
(L
artillo
t&
P
h
ilippe,2004;L
artillo
t,R
o
drigu
e,Stu
bbs,&
R
ich
er,2013).B
o
th
ch
ain
s
w
ere
ju
dged
to
h
ave
co
n
verged
after
100,000
iteratio
n
s
an
d
a
co
n
sen
su
s
B
ayesian
ph
ylo
gen
y
w
as
gen
erated
w
ith
a
bu
rn
-in
o
f
1000
trees.
B
o
th
su
per-
m
atrix
ph
ylo
gen
ies
w
ere
visu
alized
u
sin
g
th
e
In
teractive
T
ree
o
f
L
ife
(iT
O
L
)
w
ebsite
an
d
an
n
o
tated
acco
rdin
g
to
th
e
N
C
B
I’staxo
n
o
m
y
database
(F
ederh
en
,
2012;
L
etu
n
ic
&
B
o
rk,
2016).
B
o
th
su
perm
atrix
ph
ylo
gen
ies
w
ere
ro
o
ted
at
R
ozella
allom
ycis,
w
h
ich
is
th
e
m
o
st
basal
species
in
evo
lu
tio
n
ary
term
s
in
o
u
r
dataset
(Jo
n
es,
F
o
rn
,
et
al.,
2011)
an
d
is
th
e
ro
o
t
fo
r
all
th
e
ph
ylo
gen
ies
w
e
presen
t
h
ereafter
(F
igs.
3
an
d
4).
2.1.3
Superm
atrix
Analyses
of
84
FungalSpecies
Accurately
Reconstructs
the
FungalKingdom
W
e
reco
n
stru
cted
th
e
p
h
ylo
gen
y
o
f
th
e
fu
n
gal
k
in
gd
o
m
b
y
gen
eratin
g
a
su
p
eralign
m
en
t
o
f7
2
co
n
caten
ated
u
b
iq
u
ito
u
s
gen
e
fam
ilies
an
d
p
erfo
rm
in
g
M
L
an
alysis
u
sin
g
P
h
yM
L
an
d
B
ayesian
an
alysis
u
sin
g
a
p
arallelized
versio
n
o
fP
h
ylo
B
ayes.B
o
th
M
L
an
d
B
ayesian
an
alysis
reco
n
stru
ct
th
e
p
h
ylo
gen
y
o
f
o
u
r
fu
n
gald
ataset
w
ith
a
h
igh
d
egree
o
f
accu
racy
relative
to
o
th
er
k
in
gd
o
m
p
h
ylo
gen
ies
in
th
e
literatu
re
an
d
in
m
o
st
cases
reco
ver
th
e
eigh
t
fu
n
gal
p
h
yla
in
o
u
r
d
ataset
(F
igs.
3
an
d
4).
H
ere,
w
e
d
iscu
ss
th
e
resu
lts
o
f
b
o
th
o
u
r
an
alyses
w
ith
regard
to
th
e
b
asal
fu
n
gal
lin
eages,
an
d
th
e
tw
o
D
ik
arya
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p
h
yla.F
u
rth
er
in
th
is
ch
ap
ter,w
e
u
se
th
ese
su
p
erm
atrix
an
alyses
as
th
e
p
o
in
t
o
f
co
m
p
ariso
n
fo
r
o
u
r
o
th
er
p
h
ylo
gen
o
m
ic
m
eth
o
d
s.
2.1.3.1
BasalFungi
In
o
u
r
M
L
su
p
erm
atrix
p
h
ylo
gen
y,
B
lasto
clad
io
m
yco
ta
em
erge
as
th
e
earliest-d
ivergin
g
fu
n
gi
w
ith
m
axim
u
m
b
o
o
tstrap
su
p
p
o
rt
(h
en
cefo
rth
ab
b
reviated
to
B
P
)
after
ro
o
tin
g
at
R
.
allom
ycis
(F
ig.
3
).
C
h
ytrid
io
m
yco
ta
an
d
N
eo
callim
astigo
m
yco
ta
are
p
laced
as
sister
clad
es
w
ith
7
9%
B
P
,su
rp
ris-
in
gly
th
e
C
h
ytrid
io
m
yco
ta
sp
ecies
G
onapodya
prolifera
b
ran
ch
es
as
sister
to
N
eo
callim
astigo
m
yco
ta
(87%
B
P
).T
h
e
C
h
ytrid
io
m
ycetes
classis
m
o
n
o
p
h
y-
letic
w
ith
m
axim
u
m
b
o
o
tstrap
su
p
p
o
rt,
as
is
th
e
N
eo
callim
astigo
m
ycetes
class
(F
ig.
3).
T
h
e
fo
rm
er
zygo
m
ycetes
p
h
ylu
m
Z
o
o
p
ago
m
yco
ta
is
stro
n
gly
su
p
p
o
rted
as
a
m
o
n
o
p
h
yletic
clad
e
w
ith
95%
B
P
(F
ig.
3).
T
h
e
o
th
er
fo
rm
er
B
asidiobolom
ycetes
E
urotiom
ycetes
N
eocallim
astigom
ycetes
S
ordariom
ycetes
B
lastocladiom
ycetes
X
ylonom
ycetes
M
onoblepharidom
ycetes
P
neum
ocystidom
ycetes
G
em
inibasidiom
ycetes
P
ezizom
ycetes
A
garicom
ycetes
C
hytridiom
ycetes
D
othideom
ycetes
Leotiom
ycetes
G
lom
erom
ycetes
S
chizosaccharom
ycetes
Taphrinom
ycetes
M
alasseziom
ycetes
M
ixiom
ycetes
W
allem
iom
ycetes
E
xobasidiom
ycetes
U
stilaginom
ycetes
Trem
ellom
ycetes
D
acrym
ycetes
O
rbiliom
ycetes
M
icrobotryom
ycetes
P
ucciniom
ycetes
E
ntom
ophthorom
ycetes
S
accharom
ycetes
A
scom
ycota
N
eocallim
astigom
ycota
M
ucorom
ycota
B
asidiom
ycota
B
lastocladiom
ycota
C
hytridom
ycota
Z
oopagom
ycota
Taxo
n
o
m
y
K
ickxellom
ycotina
B
lastocladiom
ycota
G
lom
erom
ycotina
P
ucciniom
ycotina
Taphrinom
ycotina
M
ortierellom
ycotina
A
garicom
ycotina
C
ryptom
ycota
M
ucorom
ycotina
C
hytridiom
ycota
N
eocallim
astigom
ycota
S
accharom
ycotina
P
ezizom
ycotina
U
stilaginom
ycotina
E
ntom
ophthorom
ycotina
C
ryptom
ycota
S
accharom
yces cerevisiae
B
otryobasidium
 botryosum
O
gataea polym
orpha
Jaapia argillacea
H
ysterium
 pulicare
C
ryptococcus neoform
ans
P
yronem
a om
phalodes
C
alocera cornea
B
atrachochytrium
 dendrobatidis
A
llom
yces m
acrogynus
E
ndocarpon pusillum
R
hodotorula gram
inis
B
lum
eria gram
inis
A
garicus bisporus
Linderina pennispora
M
ortierella elongata
X
ylona heveae
S
phaerobolus stellatus
P
unctularia strigosozonata
S
chizosaccharom
yces japonicus
Leucosporidium
 creatinivorum
R
hizopus oryzae
U
m
belopsis ram
anniana
U
stilago m
aydis
C
andida albicans
H
eterobasidion annosum
P
haeom
oniella chlam
ydospora
A
naerom
yces robustus
R
hizophagus irregularis
Z
ym
oseptoria tritici
D
acryopinax prim
ogenitus
E
xophiala derm
atitidis
W
olfiporia cocos
C
oniochaeta ligniaria
A
uricularia subglabra
M
artensiom
yces pterosporus
S
pizellom
yces punctatus
S
erendipita indica
R
am
icandelaber brevisporus
P
neum
ocystis jirovecii
M
alassezia sym
podialis
W
allem
ia sebi
D
actylellina haptotyla
F
ibulorhizoctonia sp. C
B
S
 109695
S
porisorium
 reilianum
T
illetiaria anom
ala
A
spergillus niger
H
ypoxylon sp. E
C
38
O
rpinom
yces sp. C
1A
B
asidiobolus m
eristosporus
Taphrina deform
ans
Tuber m
elanosporum
S
chizosaccharom
yces octosporus
N
eurospora crassa
P
hycom
yces blakesleeanus
G
onapodya prolifera
S
chizosaccharom
yces pom
be
R
hizoclosm
atium
 globosum
C
oem
ansia reversa
C
enococcum
 geophilum
R
ozella allom
ycis
C
atenaria anguillulae
M
ixia osm
undae
M
icrobotryum
 lychnidis-dioicae
B
otrytis cinerea
C
onidiobolus throm
boides
S
erpula lacrym
ans
C
utaneotrichosporon oleaginosus
S
aitoella com
plicata
G
loeophyllum
 trabeum
P
haeoacrem
onium
 m
inim
um
O
phiostom
a piceae
C
occidioides im
m
itis
A
rthrobotrys oligospora
S
chizosaccharom
yces cryophilus
P
uccinia gram
inis
B
ipolaris m
aydis
Lipom
yces starkeyi
P
irom
yces finnis
B
asidioascus undulatus
S
istotrem
astrum
 suecicum
P
rotom
yces lactucaedebilis
M
agnaporthe grisea
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Fig.3
M
L
phylogeny
of84
fungalspeciesfrom
a
8529-charactersuperalignm
entderived
from
72
ubiquitous
fungalCO
G
fam
ilies
sam
pled
in
G
blocks
using
PhyM
L
w
ith
a
LG
+
I+
G
m
odel.Bootstrap
supports
show
n
on
branches.M
axim
um
bootstrap
supportdesignated
w
ith
an
asterisk
(*).
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zygo
m
ycetes
p
h
ylu
m
M
u
co
ro
m
yco
ta
is
p
araph
yletic
an
d
sp
lit
b
etw
een
a
clad
e
co
n
tain
in
g
th
e
M
u
co
ro
m
yco
tin
a
an
d
M
o
rtierello
m
yco
tin
a
speciesM
or-
tierella
elongata
th
at
h
as
68%
B
P
,
an
d
th
e
G
lo
m
ero
m
yco
tin
a
species
R
hiz
ophagus
irregularis
b
ran
ch
in
g
b
asal
to
D
ik
arya
w
ith
lo
w
er
su
p
po
rt
(38%
B
P
).
T
h
e
p
lacem
en
t
o
f
M
u
co
ro
m
yco
ta
as
th
e
clo
sest
p
h
yla
to
D
ik
arya
h
as
n
ear-m
axim
u
m
su
p
po
rt
(96%
B
P
)
w
h
ich
m
atch
es
o
th
er
an
alysis
(Sp
atafo
ra
et
al.,
201
6).
T
h
e
B
ayesian
su
perm
atrix
ph
ylo
gen
y
is
in
n
ear-to
tal
agreem
en
t
w
ith
th
e
M
L
ph
ylo
gen
y
in
reso
lvin
g
th
e
relatio
n
sh
ips
o
f
th
e
basal
fu
n
gi
in
o
u
r
dataset
(F
ig.
4).
T
h
e
relatio
n
sh
ip
betw
een
C
h
ytridio
m
yco
ta
an
d
N
eo
callim
astigo
-
m
yco
ta
in
th
e
B
ayesian
ph
ylo
gen
y
m
irro
rs
th
at
seen
in
th
e
M
L
ph
ylo
gen
y,
w
ith
allbran
ch
esreceivin
g
m
axim
u
m
su
ppo
rtasm
o
n
o
ph
yletic
w
ith
a
B
ayesian
po
sterio
r
pro
bability
(h
en
cefo
rth
abbreviated
to
P
P
)
equ
al
to
1
(F
ig.
4).
T
h
e
Basidiobolom
ycetes
Eurotiom
ycetes
N
eocallim
astigom
ycetes
Sordariom
ycetes
Blastocladiom
ycetes
Xylonom
ycetes
M
onoblepharidom
ycetes
Pneum
ocystidom
ycetes
G
em
inibasidiom
ycetes
Pezizom
ycetes
Agaricom
ycetes
C
hytridiom
ycetes
D
othideom
ycetes
Leotiom
ycetes
G
lom
erom
ycetes
Schizosaccharom
ycetes
Taphrinom
ycetes
M
alasseziom
ycetes
M
ixiom
ycetes
W
allem
iom
ycetes
Exobasidiom
ycetes
U
stilaginom
ycetes
Trem
ellom
ycetes
D
acrym
ycetes
O
rbiliom
ycetes
M
icrobotryom
ycetes
Pucciniom
ycetes
Entom
ophthorom
ycetes
Saccharom
ycetes
Ascom
ycota
N
eocallim
astigom
ycota
M
ucorom
ycota
Basidiom
ycota
Blastocladiom
ycota
C
hytridom
ycota
Zoopagom
ycota
Taxonom
y
Kickxellom
ycotina
Blastocladiom
ycota
G
lom
erom
ycotina
Pucciniom
ycotina
Taphrinom
ycotina
M
ortierellom
ycotina
Agaricom
ycotina
C
ryptom
ycota
M
ucorom
ycotina
C
hytridiom
ycota
N
eocallim
astigom
ycota
Saccharom
ycotina
Pezizom
ycotina
U
stilaginom
ycotina
Entom
ophthorom
ycotina
C
ryptom
ycota
M
icrobotryum
 lychnidis-dioicae
H
eterobasidion annosum
Endocarpon pusillum
Saccharom
yces cerevisiae
Saitoella com
plicata
Sporisorium
 reilianum
Phaeoacrem
onium
 m
inim
um
C
enococcum
 geophilum
H
ypoxylon sp. EC
38
Pneum
ocystis jirovecii
Basidioascus undulatus
W
allem
ia sebi
Arthrobotrys oligospora
R
am
icandelaber brevisporus
Aspergillus niger
Anaerom
yces robustus
Phycom
yces blakesleeanus
C
andida albicans
N
eocallim
astix californiae
Tuber m
elanosporum
M
ortierella elongata
R
hizoclosm
atium
 globosum
D
acryopinax prim
ogenitus
R
hizophagus irregularis
Schizosaccharom
yces japonicus
Batrachochytrium
 dendrobatidis
Agaricus bisporus
Basidiobolus m
eristosporus
Spizellom
yces punctatus
U
m
belopsis ram
anniana
O
rpinom
yces sp. C
1A
C
utaneotrichosporon oleaginosus
Tilletiaria anom
ala
Sphaerobolus stellatus
G
onapodya prolifera
Botryobasidium
 botryosum
C
occidioides im
m
itis
Botrytis cinerea
C
atenaria anguillulae
O
gataea polym
orpha
Pirom
yces finnis
Phaeom
oniella chlam
ydospora
Schizosaccharom
yces pom
be
Bipolaris m
aydis
C
oniochaeta ligniaria
W
olfiporia cocos
Exophiala derm
atitidis
C
alocera cornea
Lipom
yces starkeyi
R
hizopus oryzae
Xylona heveae
M
ixia osm
undae
Puccinia gram
inis
Sistotrem
astrum
 suecicum
Punctularia strigosozonata
C
ryptococcus neoform
ans
N
eurospora crassa
Linderina pennispora
Serpula lacrym
ans
Jaapia argillacea
Taphrina deform
ans
Blum
eria gram
inis
R
ozella allom
ycis
C
oem
ansia reversa
M
agnaporthe grisea
Serendipita indica
D
actylellina haptotyla
Leucosporidium
 creatinivorum
U
stilago m
aydis
C
onidiobolus throm
boides
Pyronem
a om
phalodes
M
alassezia sym
podialis
Fibulorhizoctonia sp. C
BS 109695
Auricularia subglabra
R
hodotorula gram
inis
O
phiostom
a piceae
H
ysterium
 pulicare
Allom
yces m
acrogynus
G
loeophyllum
 trabeum
Schizosaccharom
yces cryophilus
Protom
yces lactucaedebilis
Schizosaccharom
yces octosporus
M
artensiom
yces pterosporus
Zym
oseptoria tritici
*
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*
*
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Fig.4
Bayesian
phylogeny
of84
fungalspecies
from
an
8529-charactersuperalignm
ent
derived
from
72
ubiquitous
fungalCO
G
fam
ilies
sam
pled
in
G
blocks
using
PhyloBayes
M
PIw
ith
a
CA
T
+
G
TR
m
odel.Posteriorprobabilities
show
n
on
branches
w
ith
a
burn-in
of1000
trees.M
axim
um
posterior
probability
support
designated
w
ith
an
asterisk
(*).
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Z
o
o
pago
m
yco
ta
are
m
o
n
o
ph
yletic
w
ith
fu
llsu
ppo
rt,w
ith
a
to
po
lo
gy
m
atch
in
g
th
e
M
L
ph
ylo
gen
y
w
ith
stro
n
g
bran
ch
su
ppo
rtth
ro
u
gh
o
u
t(F
ig.4).T
h
ere
isalso
a
clo
se
asso
ciatio
n
betw
een
th
e
th
ree
M
u
co
ro
m
yco
ta
su
bph
yla:
G
lo
m
ero
-
m
yco
ta
bran
ch
es
earlier
in
th
e
B
ayesian
ph
ylo
gen
y
th
an
in
th
e
M
L
ph
ylo
gen
y,
w
h
ich
receives
m
axim
u
m
su
ppo
rt
in
th
e
B
ayesian
ph
ylo
gen
y,
an
d
th
e
sister
relatio
n
sh
ip
betw
een
M
u
co
ro
m
yco
tin
a
an
d
M
.elongata
receivesstro
n
g
su
ppo
rt
(0.94
P
P
)
in
th
e
B
ayesian
ph
ylo
gen
y
(F
ig.
4).
B
o
th
th
e
M
L
an
d
B
ayesian
place
th
e
M
u
co
ro
m
yco
ta
as
th
e
basal
ph
ylu
m
th
at
is
m
o
st
clo
sely
related
to
D
ikarya
(F
ig.
4).
2.1.3.2
Basidiom
ycota
In
th
e
M
L
p
h
ylo
gen
y,
th
e
th
ree
su
b
ph
yla
w
ith
in
B
asid
io
m
yco
ta
are
fu
lly
reso
lved
w
ith
m
axim
u
m
B
P
,
w
ith
84%
B
P
fo
r
th
e
p
lacem
en
t
o
f
U
stilago
m
yco
tin
a
an
d
P
u
ccin
io
m
yco
tin
a
as
sister
clades
(F
ig.
3).
B
asidioascus
undulatus
an
d
W
allem
ia
sebib
ran
ch
at
th
e
b
ase
o
fA
garico
m
yco
tin
a
w
ith
m
ax-
im
u
m
B
P
,
w
h
ile
th
e
o
th
er
classes
w
ith
th
e
su
bp
h
yla
are
all
fu
lly
su
p
po
rted
.
T
h
ere
is
also
h
igh
su
pp
o
rt
(88%
B
P
)
fo
r
th
e
p
lacem
en
t
o
f
T
rem
ello
m
ycetes
assister
to
D
acrym
ycetesan
d
A
garico
m
ycetes(F
ig.3).T
h
e
T
rem
ello
m
ycetes,
in
clu
din
g
C
ryptococcus
neoform
ans,
are
m
o
n
o
p
h
yletic.
T
h
e
D
acrym
ycetes
are
also
m
o
n
o
ph
yletic
w
ith
m
axim
u
m
B
P
.
T
h
e
fo
rest
sap
ro
ph
yte
B
otryobasidium
botryosum
is
p
laced
at
th
e
b
ase
o
f
th
e
A
garico
m
ycetes,
w
h
ich
h
as
so
m
e
stro
n
g
in
traclad
e
reso
lu
tio
n
w
ith
w
eaker
b
ran
ch
su
p
po
rts
to
w
ard
th
e
tip
so
fth
e
clade
(F
ig.
3).
M
alassezia
sym
podialis,
a
co
m
m
en
sal
fu
n
gi
o
f
h
u
m
an
s
an
d
an
im
als,
is
placed
at
th
e
base
o
f
th
e
U
stilago
m
yco
tin
a.
T
h
e
E
xo
basidio
m
ycetes
species
T
illetiaria
anom
ala
bran
ch
es
betw
een
M
.
sym
podialis
an
d
th
e
U
stilago
m
ycetes.
T
h
e
P
u
ccin
io
m
yco
tin
a
are
m
o
n
o
ph
yletic
w
ith
fu
llsu
ppo
rt
(F
ig.
3).
T
h
e
m
o
st
h
igh
ly
represen
ted
P
u
ccin
io
m
yco
tin
a
class,
th
e
M
icro
bo
tryo
m
ycetes,
are
m
o
n
o
ph
yletic
w
ith
69%
B
P
(F
ig.
3).
T
h
e
B
ayesian
p
h
ylo
gen
y
reflects
th
e
M
L
p
h
ylo
gen
y
in
itsreso
lu
tio
n
o
fth
e
B
asid
io
m
yco
ta
as
m
o
n
o
p
h
yletic
w
ith
fu
ll
su
p
po
rt
(F
ig.
4).
T
h
e
p
h
ylo
gen
y
p
laces
P
u
ccin
io
m
yco
tin
a
at
th
e
b
ase
o
f
th
e
ph
ylu
m
w
ith
m
axim
u
m
su
p
po
rt.
R
eso
lu
tio
n
o
f
b
ran
ch
es
w
ith
in
P
u
ccin
io
m
yco
tin
a
is
su
b
stan
tially
im
p
ro
ved
u
n
d
er
B
ayesian
p
h
ylo
gen
y
(F
ig.
4).
T
h
ere
is
h
igh
su
p
po
rt
(0.9
P
P
)
fo
r
a
sister
relatio
n
sh
ip
b
etw
een
U
stilago
m
yco
tin
a
an
d
A
garico
m
yco
tin
a
(F
ig.
4).
T
h
e
E
xo
basidio
m
ycetes
species
T
.
anom
ala
n
o
w
b
ran
ch
es
at
th
e
b
ase
o
f
th
e
U
stilago
m
yco
tin
a,
w
h
ich
is
reso
lved
w
ith
m
ax
im
u
m
P
P
.
T
h
ere
is
m
axim
u
m
su
p
po
rt
fo
r
th
e
p
lacem
en
t
o
f
M
.
sym
podialis
as
sister
to
th
e
U
stilago
m
ycetes,
w
h
ich
are
m
o
n
o
ph
yletic
(F
ig.
4).
A
s
in
th
e
M
L
p
h
ylo
gen
y,
B
.
undulatus
an
d
W
.sebib
ran
ch
at
th
e
b
ase
o
fA
garico
m
yco
tin
a
w
ith
m
axim
u
m
su
pp
o
rt,w
h
ile
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th
e
o
th
er
classesw
ith
th
e
su
b
ph
yla
allh
ave
m
axim
u
m
su
p
po
rtan
d
h
ave
sim
ilar
to
p
o
lo
gy
u
n
d
er
B
ayesian
an
alysis.T
h
ere
isa
large
im
p
ro
vem
en
tin
th
e
su
p
po
rt
o
fb
ran
ch
es
in
th
e
A
garico
m
yco
tin
a
in
th
e
B
ayesian
p
h
ylo
gen
y
relative
to
th
e
M
L
p
h
ylo
gen
y
(F
ig.
4).
2.1.3.3
A
scom
ycota
B
o
th
th
e
M
L
an
d
B
ayesian
su
perm
atrix
ph
ylo
gen
ies
display
n
ear-iden
tical
to
p
o
lo
gies
fo
r
th
e
A
sco
m
yco
ta,
an
d
B
ayesian
an
alysis
sh
o
w
s
stro
n
ger
su
ppo
rt
fo
r
so
m
e
b
ran
ch
es
to
w
ard
th
e
tips
o
f
th
e
ph
ylo
gen
y
th
an
th
e
M
L
ph
ylo
gen
y
do
es
(F
igs.3
an
d
4).T
h
e
th
ree
su
bp
h
yla
w
ith
in
A
sco
m
yco
ta
are
fu
lly
reso
lved
,
w
ith
m
axim
u
m
B
P
su
ppo
rt
fo
r
Sacch
aro
m
yco
tin
a
an
d
P
ezizo
m
yco
tin
a
an
d
79
%
B
P
fo
r
th
e
m
o
n
o
ph
yly
o
fT
aph
rin
o
m
yco
tin
a
in
th
e
M
L
ph
ylo
gen
y
(co
n
-
trast
w
ith
0.94
P
P
fo
r
th
e
m
o
n
o
p
h
yly
o
f
T
aph
rin
o
m
yco
tin
a
in
th
e
B
ayesian
ph
ylo
gen
y;F
igs.3
an
d
4).T
h
e
placem
en
to
fT
aph
rin
o
m
yco
tin
a
as
an
an
cestral
clad
e
w
ith
in
A
sco
m
yco
ta
is
fu
lly
su
ppo
rted,
an
d
w
ith
in
T
aph
rin
o
m
yco
tin
a,
th
ere
is
h
igh
su
ppo
rt
(77%
B
P
/0.89
P
P
)
fo
r
a
sister
relatio
n
sh
ip
betw
een
Sch
izo
sacch
aro
m
ycetes
an
d
T
aph
rin
o
m
ycetes.
Six
o
f
th
e
seven
classes
w
ith
in
P
ezizo
m
yco
tin
a
in
o
u
r
dataset
w
ith
tw
o
o
r
m
o
re
represen
tatives
(i.e.,
all
bar
X
ylo
n
o
m
ycetes)
are
m
o
n
o
ph
yletic,
m
o
st
o
f
w
h
ich
receive
m
axim
u
m
B
P
an
d
/o
r
P
P
su
ppo
rt.
M
an
y
o
f
th
e
relatio
n
sh
ips
betw
een
classes
are
also
w
ell
su
p
po
rted
in
bo
th
ph
ylo
gen
ies,
w
ith
lo
w
er
su
ppo
rt
(67%
B
P
)
fo
r
a
sister
relatio
n
sh
ip
b
etw
een
th
e
X
ylo
n
o
m
ycetes
species
X
ylona
heveae
an
d
th
e
E
u
ro
tio
m
ycetes
class
in
th
e
M
L
ph
ylo
gen
y;
in
th
e
B
ayesian
ph
ylo
gen
y
X
.
heveae
bran
ch
es
sister
to
a
clade
co
n
tain
in
g
D
o
th
ideo
m
ycetes
an
d
E
u
ro
tio
-
m
ycetes
w
ith
m
axim
u
m
P
P
su
ppo
rt(F
igs.3
an
d
4).T
h
e
D
o
th
ideo
m
ycetes
are
m
o
n
o
p
h
yletic
in
bo
th
ph
ylo
gen
ies
an
d
b
ran
ch
in
to
tw
o
clades
w
ith
h
igh
su
p-
po
rt
u
n
der
bo
th
M
L
an
d
B
ayesian
reco
n
stru
ctio
n
(F
igs.
3
an
d
4).
T
h
e
O
rbilio
m
ycetes
an
d
P
ezizo
m
ycetes
are
placed
as
th
e
m
o
st
basal
P
ezizo
m
y-
co
tin
a
classes,
w
ith
stro
n
g
su
ppo
rt
(9
4%
B
P
/0.99
B
P
)
fo
r
a
sister
relatio
n
sh
ip
(F
igs.
3
an
d
4).
T
h
e
L
eo
tio
m
ycetes
an
d
So
rdario
m
ycetes
are
also
p
laced
as
a
sister
cladesw
ith
m
axim
u
m
su
pp
o
rtin
b
o
th
ph
ylo
gen
ies.T
h
e
m
ajo
r
differen
ce
in
th
e
reso
lu
tio
n
o
fth
e
So
rd
ario
m
ycetes
betw
een
th
e
su
perm
atrix
ph
ylo
gen
ies
is
th
e
stro
n
ger
bran
ch
su
ppo
rts
w
ith
in
th
e
o
rder
u
n
der
B
ayesian
an
alysis
(F
igs.
3
an
d
4).
2.2
Parsim
ony
Supertree
Phylogenom
ic
A
nalysis
of
Fungi
T
h
e
m
o
st
co
m
m
o
n
su
p
ertree
m
eth
o
d
s
fo
r
reco
n
stru
ctin
g
gen
o
m
e
p
h
ylo
g-
en
ies
are
gro
u
n
d
ed
in
p
arsim
o
n
y
m
eth
o
d
s,
in
w
h
ich
ch
an
ges
to
ch
aracter
states
(i.e.,
evo
lu
tio
n
ary
even
ts
su
ch
as
p
resen
ce
o
f
a
given
taxo
n
in
a
tree
o
r
even
a
tree
b
ran
ch
)
are
calcu
lated
an
d
p
h
ylo
gen
y
is
reco
n
stru
cted
u
sin
g
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as
little
state
ch
an
ges
as
p
o
ssib
le.
T
h
e
first
su
p
ertree
co
n
stru
ctio
n
m
eth
o
d
to
see
w
id
esp
read
u
se
in
large-scale
p
h
ylo
gen
etic
an
d
p
h
ylo
gen
o
m
ic
an
alysis
w
as
th
e
M
R
P
m
eth
o
d
.
M
R
P
,
w
h
ich
w
as
d
evelo
p
ed
in
d
ep
en
d
en
tly
b
y
B
au
m
(19
92)
an
d
R
agan
(1992
),
en
ab
les
th
e
u
se
o
f
so
u
rce
p
h
ylo
gen
ies
w
ith
o
verlap
p
in
g
o
r
m
issin
g
taxa
in
gen
eratin
g
a
co
n
sen
su
s
p
h
ylo
gen
y
(B
au
m
,
1
992;
R
agan
,
199
2).
T
h
e
m
eth
o
d
gen
erates
a
m
atrix
(referred
to
as
a
B
au
m
–
R
agan
m
atrix
)
w
h
ere
each
co
lu
m
n
rep
resen
ts
o
n
e
in
tern
al
b
ran
ch
in
each
given
so
u
rce
p
h
ylo
gen
y
su
ch
th
at
th
e
n
u
m
b
er
o
f
co
lu
m
n
s
w
ith
in
th
e
m
atrix
is
eq
u
alto
th
e
n
u
m
b
er
o
f
in
tern
alb
ran
ch
es
acro
ss
allso
u
rce
p
h
y-
lo
gen
ies,
an
d
assign
s
a
sco
re
o
f
1
to
taxa
fro
m
a
given
so
u
rce
p
h
ylo
gen
y
P
w
h
ich
are
p
resen
tin
th
e
clad
e
d
efin
ed
b
y
in
tern
alb
ran
ch
A
,0
to
taxa
p
resen
t
in
P
b
u
t
n
o
t
w
ith
in
th
e
clad
e
d
efin
ed
b
y
A
,an
d
?
to
taxa
th
at
are
n
o
t
p
resen
t
in
P
(C
reevey
&
M
cIn
ern
ey,200
9).T
h
e
B
au
m
–
R
agan
m
atrix
is
th
en
su
b
ject
to
p
arsim
o
n
y
an
alysis,w
ith
eq
u
alw
eigh
tin
g
given
to
each
so
u
rce
p
h
ylo
gen
y,
an
d
reco
n
stru
cts
th
e
su
p
ertree
p
h
ylo
gen
y
w
ith
th
e
m
in
im
u
m
o
fevo
lu
tio
n
ary
ch
an
ges
req
u
ired
w
h
ich
in
clu
d
es
alltaxa
rep
resen
ted
acro
ss
allso
u
rce
p
h
ylo
g-
en
ies.
Sim
ilar
p
arsim
o
n
y
m
eth
o
d
s,
m
o
st
n
o
tably
gen
e
tree
p
arsim
o
n
y
(Slo
w
in
sk
i
&
P
age,
1
999),
exten
d
M
R
P
to
in
clu
d
e
so
u
rce
p
h
ylo
gen
ies
co
n
-
tain
in
g
d
u
p
licated
taxa;h
o
w
ever,w
e
d
o
n
o
t
co
ver
su
ch
m
eth
o
ds
in
th
is
su
b
-
sectio
n
.
P
arsim
o
n
y-b
ased
su
p
ertree
m
eth
o
ds
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asidioascus undulatus
C
occidioides im
m
itis
Jaapia argillacea
U
stilago m
aydis
Leucosporidium
 creatinivorum
N
eocallim
astix californiae
B
asidiobolus m
eristosporus
S
erpula lacrym
ans
R
hizopus oryzae
D
actylellina haptotyla
B
otryobasidium
 botryosum
C
enococcum
 geophilum
W
olfiporia cocos
B
atrachochytrium
 dendrobatidis
W
allem
ia sebi
Lipom
yces starkeyi
C
atenaria anguillulae
P
hycom
yces blakesleeanus
M
alassezia sym
podialis
M
icrobotryum
 lychnidis-dioicae
G
onapodya prolifera
S
aitoella com
plicata
D
acryopinax prim
ogenitus
Z
ym
oseptoria tritici
S
chizosaccharom
yces octosporus
Linderina pennispora
A
naerom
yces robustus
E
xophiala derm
atitidis
M
ortierella elongata
N
eurospora crassa
R
ozella allom
ycis
S
porisorium
 reilianum
A
spergillus niger
44
37
15
61
*
7953
2
*
31
2
24
*
*
27
65
63
39
98*
99
96
12
98
13
58
99 *
28
16
63
99
26
34
79
27
14
63
82
18
47
99
25
64
99
5
12
43
56
8
9
76
54
56
3
94
30
36
72
*
5
93
31
98
64
17
99
65
36 22
30
*
79
*
29
8397
83
*
22
59
Z
oopagom
ycota
A
scom
ycota
S
accharom
ycetes
Fig.
6
A
verage
consensus
(A
V)
phylogeny
of
84
fungal
species
derived
from
8110
source
phylogenies.Bootstrap
supports
show
n
on
branches.M
axim
um
bootstrap
sup-
port
designated
w
ith
an
asterisk
(*).
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p
h
yla
an
d
n
o
te
so
m
e
o
fth
e
co
n
gru
en
cesan
d
in
co
n
gru
en
cesw
h
ere
n
o
tew
o
r-
th
y
w
ith
o
u
r
su
p
erm
atrix
p
h
ylo
gen
ies
(F
igs.
3–
5).
2.2.3.1
BasalFungi
A
fter
ro
o
tin
g
atR
.allom
ycis,th
e
N
eo
callim
astigo
m
yco
ta
an
d
C
h
ytridio
m
yco
ta
(bar
G
.
prolifera)
em
erge
as
th
e
earliest-divergin
g
fu
n
gal
lin
eages.
G
.
prolifera
bran
ch
es
basalto
th
e
B
lasto
cladio
m
yco
ta
w
ith
73%
B
P
(F
ig.
5).
T
h
is
arran
ge-
m
en
t
o
f
th
e
N
eo
callim
astigo
m
yco
ta,
C
h
ytridio
m
yco
ta,
an
d
B
lasto
-
cladio
m
yco
ta
h
as
po
o
r
su
p
po
rt
in
gen
eral
(43%
B
P
fo
r
a
sister
relatio
n
sh
ip
betw
een
N
eo
callim
astigo
m
yco
tin
a
an
d
4
C
h
ytrid
io
m
yco
ta
species);
h
o
w
ever
w
ith
th
e
exceptio
n
o
f
th
e
afo
rem
en
tio
n
ed
placem
en
t
o
f
G
.
prolifera
th
e
in
di-
vidu
al
p
h
yla
receive
m
axim
u
m
o
r
n
ear-m
axim
u
m
su
pp
o
rt
as
m
o
n
o
p
h
yletic
(F
ig.5).Z
o
o
pago
m
yco
ta
is
paraph
yletic
in
o
u
r
M
R
P
p
h
ylo
gen
y;a
m
o
n
o
ph
y-
letic
K
icxello
m
yco
tin
a
clad
e
receives
74%
B
P
su
pp
o
rt
(F
ig.5),w
h
ile
as
in
th
e
su
p
erm
atrix
ph
ylo
gen
ies
(F
igs.
3
an
d
4)
E
n
to
m
o
ph
th
o
ro
m
yco
tin
a
is
paraph
yletic.
In
o
u
r
M
R
P
an
alysis,
B
asidiobolus
m
eristosporus
b
ran
ch
es
at
th
e
base
o
f
M
u
co
ro
m
yco
ta
an
d
C
onidiobolus
throm
boides
b
ran
ch
es
at
th
e
base
o
f
D
ikarya,
bu
t
th
o
se
relatio
n
sh
ip
s
are
po
o
rly
su
p
po
rted
(30%
an
d
39
%
B
P
,
respectively;
F
ig.
5).
T
h
e
G
lo
m
ero
m
yco
tin
a
species
R
.
irregularis
b
ran
ch
es
sister
to
th
e
M
o
rtierello
m
yco
ta
represen
tative
M
.
elongata
w
ith
w
eak
su
ppo
rt
(52
%
B
P
),
bu
t
M
u
ro
co
m
yco
ta
(th
e
placem
en
t
o
f
G
lo
m
ero
m
yco
tin
a,
M
o
rti-
erello
m
yco
ta,
an
d
M
u
co
ro
m
yco
tin
a)
receives
h
igh
er
su
pp
o
rt
(8
5%
B
P
).
T
h
e
m
o
n
o
p
h
yly
o
fM
u
co
ro
m
yco
tin
a
is
also
fu
lly
su
p
po
rted
(F
ig.5).O
verallm
an
y
o
f
th
e
asso
ciatio
n
s
b
etw
een
b
asal
p
h
yla
w
e
o
b
served
in
o
u
r
su
p
erm
atrix
p
h
ylo
gen
ies
are
p
resen
t
in
o
u
r
M
R
P
an
alysis
as
w
ell;
h
o
w
ever,
th
e
o
ver-
all
p
lacem
en
t
o
f
th
e
b
asal
fu
n
gal
lin
eages
varies
b
etw
een
su
perm
atrix
an
d
M
R
P
an
alyses,
su
ch
as
th
e
p
lacem
en
t
o
f
B
lasto
cladio
m
yco
ta
as
a
later-
d
ivergin
g
clad
e
th
an
eith
er
C
h
ytrid
io
m
yco
ta
o
r
N
eo
callim
astigo
m
yco
ta
u
n
der
M
R
P
su
p
ertree
an
alysis
(F
igs.
3–
5).
2.2.3.2
Basidiom
ycota
T
h
e
B
asidio
m
yco
ta
are
reco
vered
w
ith
m
axim
u
m
su
p
po
rt
in
o
u
r
M
R
P
p
h
ylo
gen
y
(F
ig.
5).
T
h
e
P
u
ccin
io
m
yco
tin
a
em
erge
as
th
e
m
o
st
b
asal
su
b
-
p
h
ylu
m
w
ith
m
axim
u
m
su
p
po
rt,
w
ith
M
ixia
osm
undae
b
ran
ch
in
g
at
th
e
b
ase
o
f
th
e
su
b
ph
ylu
m
an
d
P
uccinia
gram
inis
p
laced
as
sister
to
th
e
M
icro
-
b
o
tryo
m
ycetes
(w
h
o
are
m
o
n
o
ph
yletic
w
ith
97%
B
P
).
T
h
is
reflects
th
e
to
p
o
lo
gy
o
f
P
u
ccin
io
m
yco
tin
a
seen
in
o
u
r
su
p
erm
atrix
p
h
ylo
gen
ies
(F
igs.3–
5).T
h
e
U
stilago
m
yco
tin
a
an
d
A
garico
m
yco
tin
a
b
ran
ch
as
sister
su
b
-
p
h
yla
w
ith
99%
B
P
an
d
b
o
th
are
m
o
n
o
p
h
yletic;th
e
fo
rm
er
is
fu
lly
su
p
po
rted
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at
th
e
b
ran
ch
level
an
d
th
e
latter
h
as
94%
B
P
.
M
.
sym
podialis
is
p
laced
at
th
e
b
ase
o
f
U
stilago
m
yco
tin
a,
reflectin
g
th
e
reso
lu
tio
n
o
f
th
e
U
stilago
m
yco
tin
a
u
n
d
er
M
L
su
p
erm
atrix
an
alysis
(F
igs.
3
an
d
5).
In
th
e
A
garico
m
yco
tin
a,
W
.
sebian
d
B
.
undulatus
b
ran
ch
at
th
e
b
ase
o
fth
e
su
b
ph
ylu
m
w
ith
m
axim
u
m
su
p
po
rt.
T
h
e
th
ree
larger
classes
fro
m
A
garico
m
yco
tin
a
in
o
u
r
d
ataset
(A
garico
m
ycetes,D
acrym
ycetes,an
d
T
rem
ello
m
ycetes)are
allm
o
n
o
p
h
yletic
an
d
are
reco
vered
w
ith
m
axim
u
m
su
p
po
rt
(F
ig.
5).
T
h
e
M
R
P
p
h
ylo
gen
y
o
f
th
e
B
asid
io
m
yco
ta
is
h
igh
ly
co
n
gru
en
t
o
verallw
ith
th
e
su
p
erm
atrix
p
h
ylo
g-
en
ies,
w
ith
co
m
parab
le
b
ran
ch
su
p
po
rt
(F
igs.
3–
5).
2.2.3.3
A
scom
ycota
O
u
r
M
R
P
p
h
ylo
gen
y
su
p
p
o
rts
th
e
A
sco
m
yco
ta
as
a
m
o
n
o
p
h
yletic
gro
u
p
w
ith
m
ax
im
u
m
B
P
(F
ig.
5).
T
h
ere
is
greater
su
p
p
o
rt
alo
n
g
m
an
y
d
eep
er
b
ran
ch
es
in
th
e
A
sco
m
yco
ta
in
o
u
r
M
R
P
p
h
ylo
gen
y
th
an
in
o
u
r
M
L
su
p
erm
atrix
p
h
ylo
gen
y
an
d
su
p
p
o
rt
is
co
m
p
arab
le
w
ith
o
u
r
B
ayesian
p
h
ylo
gen
y;
w
e
ascrib
e
th
is
to
a
larger
ab
u
n
d
an
ce
o
f
sm
aller
so
u
rce
p
h
ylo
g-
en
ies
co
n
tain
in
g
clo
sely
related
A
sco
m
yco
tin
a
sp
ecies
in
o
u
r
d
ataset
(F
igs.
3–
5
).
T
ap
h
rin
o
m
yco
tin
a
em
erges
as
th
e
earliest-d
ivergin
g
lin
eage
b
u
t
is
p
arap
h
yletic;
S
aitoella
com
plicata
b
ran
ch
es
as
an
in
term
ed
iate
b
etw
een
T
ap
h
rin
o
m
yco
tin
a
an
d
a
Sacch
aro
m
yco
tin
a–
P
ezizo
m
yco
tin
a
clad
e
w
ith
98%
B
P
,
w
h
ile
th
e
rem
ain
in
g
m
em
b
ers
are
m
o
n
o
p
h
yletic
w
ith
w
eak
su
p
p
o
rt
(5
8%
B
P
).
P
neum
ocystis
jirovecii
is
p
laced
as
a
sister
taxo
n
to
Sch
izo
sacch
aro
m
ycetes
in
o
u
r
M
R
P
an
alysis
w
ith
w
eak
su
p
po
rt
(36%
B
P
);
in
th
e
su
perm
atrix
p
h
ylo
gen
ies
it
w
as
sister
to
T
ap
h
rin
o
m
ycetes.
T
h
e
T
ap
h
rin
o
m
ycetes
an
d
Sch
izo
sacch
aro
m
ycetes
th
em
selves
are
m
o
n
o
ph
yletic
w
ith
m
axim
u
m
B
P
(F
ig.
5).
T
h
e
S
acch
aro
m
yco
tin
a
are
m
o
n
o
ph
yletic
w
ith
99%
B
P
(F
ig.
5).
T
h
e
six
larger
classes
(i.e.,
all
b
ar
X
ylo
n
o
m
ycetes)
in
o
u
r
d
ataset
fro
m
P
ezizo
m
yco
tin
a
are
all
su
p
po
rted
as
m
o
n
o
p
h
yletic
an
d
receive
m
axim
u
m
B
P
,
w
ith
P
ezizo
m
ycetes
an
d
O
rb
ilio
m
ycetes
b
ran
ch
in
g
as
th
e
b
asal
sister
clades
(F
ig.
5).
T
h
e
M
R
P
p
h
ylo
gen
y
m
irro
rs
B
ayesian
su
p
erm
atrix
reco
n
stru
ctio
n
in
p
lacin
g
a
sin
gle
o
rigin
fo
r
th
ree
classes
(X
ylo
n
o
m
ycetes,
E
u
ro
tio
m
ycetes,
an
d
D
o
th
ideo
m
ycetes)
w
ith
m
axim
u
m
su
p
po
rt
(F
igs.
4
an
d
5).
A
s
in
b
o
th
su
p
erm
atrix
p
h
ylo
gen
ies,
D
o
th
id
eo
-
m
ycetes
are
split
in
to
tw
o
clades
w
ith
h
igh
o
r
m
axim
u
m
su
p
po
rt.
In
th
e
So
rdario
m
ycetes,
M
R
P
an
alysis
reflects
th
e
M
L
su
p
erm
atrix
p
h
ylo
gen
y
in
p
lacin
g
H
ypoxylon
sp.
E
C
58
at
th
e
b
ase
o
f
th
e
class
(F
igs.
3
an
d
5).
T
h
e
M
R
P
p
h
ylo
gen
y
o
f
th
e
A
sco
m
yco
ta
is
h
igh
ly
co
n
gru
en
t
w
ith
b
o
th
o
f
o
u
r
su
p
erm
atrix
p
h
ylo
gen
ies
w
ith
co
m
p
arab
le
b
ran
ch
su
p
po
rts,
w
h
ich
is
aided
b
y
th
e
b
ro
ad
ran
ge
o
f
gen
o
m
ic
d
ata
availab
le
fo
r
th
e
p
h
ylu
m
(F
igs.
3–
5).
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2.2.4
Average
Consensus
Phylogenom
ic
Reconstruction
of
84
Fungal
Species
Is
Affected
by
Long-Branch
Attraction
Artifacts
T
o
co
m
plem
en
t
o
u
r
M
R
P
ph
ylo
gen
y,
w
e
gen
erated
an
average
co
n
sen
su
s
(A
V
)
m
eth
o
d
su
pertree
ph
ylo
gen
y
(F
ig.6)
u
sin
g
th
e
sam
e
set
o
fin
p
u
t
p
h
ylo
g-
en
iesas
im
plem
en
ted
in
C
L
A
N
N
fo
llo
w
in
g
F
itzpatrick
etal.(2
006).A
V
ph
y-
lo
gen
y
in
fers
ph
ylo
gen
y
based
o
n
th
e
bran
ch
len
gth
s
o
fso
u
rce
ph
ylo
gen
ies,by
co
m
pu
tin
g
th
e
average
valu
e
o
f
th
e
p
ath
-len
gth
m
atrices
asso
ciated
w
ith
said
so
u
rce
p
h
ylo
gen
ies,
an
d
th
en
u
sin
g
a
least-squ
ares
m
eth
o
d
to
fin
d
th
e
so
u
rce
m
atrix
clo
sestto
th
isaverage
valu
e
(L
apo
in
te
&
C
u
cu
m
el,1997).T
h
e
tree
th
at
is
asso
ciated
w
ith
th
is
so
u
rce
m
atrix
is
th
e
average
co
n
sen
su
s
ph
ylo
gen
y
fo
r
th
e
to
talset
o
fso
u
rce
p
h
ylo
gen
ies,an
d
th
e
m
eth
o
d
is
th
o
u
gh
t
to
w
o
rk
best
w
ith
a
seto
fso
u
rce
p
h
ylo
gen
ies
o
fsim
ilar
size
(L
apo
in
te
&
C
u
cu
m
el,199
7).O
u
r
A
V
ph
ylo
gen
y
w
as
ro
o
ted
at
R
.
allom
ycis
(F
ig.
6).
G
iven
th
e
resu
lts
w
e
o
b
tain
ed
fro
m
o
u
r
A
V
ph
ylo
gen
y,
w
e
believe
th
at
th
e
m
eth
o
d
is
su
sceptible
to
lo
n
g-
bran
ch
attractio
n
(F
elsen
stein
,
1978),
as
repo
rted
by
F
itzpatrick
et
al.
(2006).
L
o
n
g-bran
ch
attractio
n
o
ccu
rs
w
h
en
tw
o
very
divergen
t
taxa
o
r
clad
es
w
ith
lo
n
g
bran
ch
len
gth
s
(i.e.,
m
an
y
ch
aracter
ch
an
ges
o
ccu
rrin
g
o
ver
tim
e)
are
in
ferred
as
each
o
th
er’s
clo
sest
relative
du
e
to
co
n
vergen
t
evo
lu
tio
n
o
f
a
given
ch
aracter
(e.g.,
am
in
o
acid
su
bstitu
tio
n
),
an
d
is
a
co
m
m
o
n
p
ro
blem
in
parsi-
m
o
n
y
an
d
distan
ce-based
m
eth
o
ds
(B
ergsten
,
2005;
F
elsen
stein
,
19
78).
In
th
e
A
V
ph
ylo
gen
y,
w
e
reco
vered
th
e
tw
o
B
lasto
cladio
m
yco
ta
species
in
o
u
r
datasetw
ith
in
a
large
paraph
yletic
P
ezizo
m
yco
tin
a
clad
e
(F
ig.6).A
dditio
n
ally,
th
e
A
sco
m
yco
ta
are
paraph
yletic:
o
n
e
clade
co
n
tain
in
g
tw
o
P
ezizo
m
yco
tin
a
classes
(P
ezizo
m
ycetes
an
d
O
rb
ilio
m
ycetes),
th
e
T
ap
h
rin
o
m
yco
tin
a
an
d
th
e
Sacch
aro
m
yco
tin
a
speciesL
ipom
ycesstarkeyiplacesatth
e
base
o
fD
ikarya,w
h
ile
th
ree
Sacch
aro
m
yco
tin
a
sp
ecies(in
clu
din
g
S
.cerevisiae)appearasa
sisterclade
to
P
u
ccin
io
m
yco
tin
a
(F
ig.
6).
T
h
e
A
garico
m
yco
tin
a
are
also
paraph
yletic;
T
rem
ello
m
ycetes
an
d
tw
o
basal
B
asidio
m
yco
ta
species
(B
.
undulatus
an
d
W
.
sebi)
appear
clo
ser
to
U
stilago
m
yco
ta
(F
ig.
6).
M
an
y
o
f
th
e
su
p
po
rts
th
ro
u
gh
o
u
t
th
e
tree
are
ex
trem
ely
po
o
r
(alm
o
st
all
o
f
th
e
in
co
n
gru
en
ces
w
e
h
igh
ligh
ted
all
h
ave
<
4
0%
B
P
),
w
h
ich
seem
s
to
be
an
o
th
er
effect
o
f
lo
n
g-
bran
ch
attractio
n
(F
ig.6).D
u
e
to
th
e
b
readth
o
ffu
n
galtaxa,w
e
h
ave
sam
pled
fo
r
o
u
r
m
u
ltiple
an
alyses,an
d
th
e
tim
escale
o
fth
e
evo
lu
tio
n
o
fth
e
fu
n
galkin
g-
do
m
bein
g
appro
x
im
ately
1
billio
n
years
o
ld,
it
is
u
n
su
rp
risin
g
th
at
a
m
eth
o
d
u
sin
g
bran
ch
len
gth
s
to
in
fer
a
clo
se
relatio
n
sh
ip
betw
een
actu
ally
distan
tly
related
species
th
at
b
o
th
h
ave
lo
n
g
bran
ch
es,
a
classic
exam
p
le
o
f
th
e
“F
elsen
stein
Z
o
n
e”
(B
ergsten
,2005;H
u
elsen
beck
&
H
illis,19
93).U
ltim
ately,
o
u
r
A
V
ph
ylo
gen
y
(F
ig.6)seem
sto
co
n
firm
o
n
e
o
fth
e
co
n
cern
so
fF
itzpatrick
etal.(200
6)in
a
m
u
ch
m
o
re
stark
fash
io
n
th
atth
e
A
V
m
eth
o
d
isn
o
tap
pro
priate
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fo
r
large-scale
p
h
ylo
gen
o
m
ic
reco
n
stru
ctio
n
s
co
n
tain
in
g
taxa
sam
pled
fro
m
acro
ss
m
an
y
ph
yla
w
ith
o
u
t
prio
r
predictive
an
alysis
o
f
th
e
po
ten
tial
fo
r
lo
n
g
bran
ch
attractio
n
in
su
ch
d
atasets
(Su
&
T
o
w
n
sen
d,
2015).
2.3
Bayesian
Supertree
Phylogenom
ic
A
nalysis
of
Fungi
W
h
ile
p
arsim
o
n
y-b
ased
su
p
ertree
reco
n
stru
ctio
n
s
are
gen
erally
reliab
le,
co
n
cern
s
h
ave
b
een
raised
in
th
e
p
ast
as
to
so
m
e
o
f
th
e
u
n
d
erlyin
g
m
eth
o
d
-
o
lo
gy
o
f
M
R
P
reco
n
stru
ctio
n
an
d
th
e
effects
th
at
facto
rs
lik
e
in
p
u
t
tree
sizes
(P
isan
i
&
W
ilk
in
so
n
,
20
02;
W
ilk
in
so
n
,
T
h
o
rley,
P
isan
i,
L
ap
o
in
te,
&
M
cIn
ern
ey,
200
4).
T
h
ere
h
as
lo
n
g
b
een
th
e
d
esire
fo
r
a
su
p
ertree
m
eth
o
d
th
at
in
fers
p
h
ylo
gen
y
fro
m
so
u
rce
trees
w
ith
m
o
re
statistical
rigo
r
lik
e
B
ayesian
an
d
m
axim
u
m
-lik
elih
o
o
d
in
feren
ce
m
eth
o
d
s.
W
h
ile
B
ayesian
an
d
M
L
an
alyses
are
th
e
stan
d
ard
fo
r
su
p
erm
atrix
reco
n
stru
ctio
n
,
su
ch
m
eth
o
d
s
h
ave
b
een
d
ifficu
lt
to
im
p
lem
en
t
in
th
e
p
ast
fo
r
su
p
ertree
an
alysis
d
u
e
to
co
m
p
u
tatio
n
allim
itatio
n
s,
m
o
st
o
f
w
h
ich
is
d
o
w
n
to
th
e
n
ecessity
o
f
tree
search
in
g
fo
r
th
e
b
est
su
p
ertree
(i.e.,
calcu
latin
g
lik
elih
o
o
d
s
fo
r
all
p
o
ssib
le
su
p
ertrees
given
a
set
o
f
so
u
rce
p
h
ylo
gen
ies).
It
is
o
n
ly
in
recen
t
years
th
at
p
h
ylo
gen
o
m
ic
in
feren
ce
b
ased
o
n
M
L
an
d
B
ayesian
m
eth
o
d
s
h
as
b
een
im
p
lem
en
ted
fo
r
su
p
ertree
an
alysis;
o
n
e
su
ch
m
o
d
el
fo
r
su
p
ertree
lik
elih
o
o
d
estim
atio
n
w
as
first
d
escrib
ed
b
y
S
teel
an
d
R
o
d
rigo
(200
8)
an
d
th
en
refin
ed
th
e
fo
llo
w
in
g
year
(B
ryan
t
&
Steel,
2009;Steel&
R
o
d
rigo
,200
8).T
h
e
Steelan
d
R
o
d
rigo
m
eth
o
d
o
flik
elih
o
o
d
estim
atio
n
(h
en
cefo
rth
referred
to
as
S
T
-R
F
)
is
b
ased
o
n
m
o
d
elin
g
th
e
in
co
n
gru
en
ces
b
etw
een
in
p
u
t
gen
e
p
h
ylo
gen
ies
an
d
a
co
rresp
o
n
d
in
g
u
n
k
n
o
w
n
o
r
p
ro
vid
ed
su
p
ertree
p
h
ylo
gen
y.
T
w
o
recen
t
im
p
lem
en
tatio
n
s
o
f
ST
-R
F
M
L
an
alysis
h
ave
b
een
rep
o
rted
:
th
e
first
a
h
eu
ristic
m
eth
o
d
o
f
estim
atin
g
ap
p
ro
x
im
ate
M
L
su
p
ertrees
b
ased
o
n
su
b
tree
p
ru
n
in
g
an
d
reg-
raftin
g
im
p
lem
en
ted
in
th
e
P
yth
o
n
so
ftw
are
L
.U
.St.
b
y
A
k
an
n
i,
C
reevey,
W
ilk
in
so
n
,
an
d
P
isan
i
(20
14),
an
d
th
e
seco
n
d
a
h
eu
ristic
B
ayesian
M
C
M
C
criterio
n
b
y
A
k
an
n
i,
W
ilk
in
so
n
,
C
reevey,
F
o
ster,
an
d
P
isan
i
(20
15
)
im
p
le-
m
en
ted
in
th
e
P
yth
o
n
so
ftw
are
p
ack
age
p
4
(A
k
an
n
i
et
al.,
20
14
,
20
15;
F
o
ster,
200
4).
A
k
an
n
i
et
al.
(2015
)
tested
th
e
B
ayesian
M
C
M
C
im
p
lem
en
-
tatio
n
o
n
b
o
th
a
large
k
in
gd
o
m
-w
id
e
m
etazo
an
d
ataset
an
d
a
sm
aller
C
arn
ivo
ra
d
ataset,
n
o
tab
ly
th
e
an
alysis
p
ro
d
u
ced
a
B
ayesian
su
p
ertree
in
fu
ll
agreem
en
t
w
ith
b
o
th
th
e
literatu
re
o
n
m
etazo
an
relatio
n
sh
ip
s
an
d
a
p
revio
u
s
M
R
P
su
p
ertree
an
alysis
o
n
th
e
sam
e
d
ataset
(H
o
lto
n
&
P
isan
i,
2
010
).
N
o
p
aram
etric
su
p
ertree
reco
n
stru
ctio
n
h
as
b
een
carried
o
u
t
fo
r
th
e
fu
n
-
galk
in
gd
o
m
to
d
ate,an
d
w
ith
th
at
in
m
in
d
w
e
reco
n
stru
cted
th
e
p
h
ylo
gen
y
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A
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o
fo
u
r
84-gen
o
m
e
d
atasetw
ith
th
e
M
C
M
C
B
ayesian
criterio
n
d
evelo
p
ed
b
y
A
k
an
n
i
et
al.
(201
5)
u
sin
g
a
sligh
tly
am
en
d
ed
gen
e
p
h
ylo
gen
y
d
ataset
fro
m
o
u
r
M
R
P
an
d
A
V
su
p
ertree
p
h
ylo
gen
ies.
2.3.1
H
euristic
M
CM
C
Bayesian
Supertree
Reconstruction
of
84
FungalG
enom
es
From
8050
Source
Phylogenies
M
C
M
C
B
ayesian
su
p
ertree
an
alysis
w
as
carried
o
u
t
o
n
th
e
sin
gle-co
p
y
p
h
y-
lo
gen
y
d
ataset
u
sin
g
th
e
ST
-R
F
m
o
d
elas
im
p
lem
en
ted
in
p
4
(A
k
an
n
iet
al.,
201
5;
F
o
ster,
2004;
Steel&
R
o
d
rigo
,
2
008).
A
s
S
T
-R
F
an
alysis
is
cu
rren
tly
o
n
ly
im
p
lem
en
ted
in
p
4
fo
r
fu
lly
b
ifu
rcatin
g
p
h
ylo
gen
ies,
60
p
h
ylo
gen
ies
w
ere
rem
o
ved
fro
m
th
e
to
tal
sin
gle-co
p
y
p
h
ylo
gen
y
d
ataset,
fo
r
an
in
p
u
t
d
ataset
o
f
8
050
gen
e
p
h
ylo
gen
ies.
T
w
o
sep
arate
M
C
M
C
an
alyses
w
ith
4
ch
ain
s
each
w
ere
ran
fo
r
30
,000
gen
eratio
n
s
w
ith
β¼
1
,
sam
p
lin
g
every
20
gen
eratio
n
s.T
h
e
an
alyses
co
n
verged
after
3
0,00
0
gen
eratio
n
s,an
d
a
co
n
-
sen
su
s
p
h
ylo
gen
y
b
ased
o
n
p
o
sterio
r
p
ro
b
ab
ility
o
fsp
lits
w
as
gen
erated
fro
m
15
0
su
p
ertrees
sam
p
led
after
co
n
vergen
ce
fo
llo
w
in
g
A
k
an
n
i
et
al.
(2015).
T
h
is
co
n
sen
su
s
p
h
ylo
gen
y
w
as
visu
alized
in
iT
O
L
an
d
an
n
o
tated
acco
rd
in
g
to
th
e
N
C
B
I’s
taxo
n
o
m
y
d
atab
ase,
an
d
ro
o
ted
at
R
.
allom
ycis
(F
ig.
7
).
2.3.2
Supertree
Reconstruction
W
ith
a
H
euristic
M
CM
C
Bayesian
M
ethod
H
ighly
Congruent
W
ith
M
RP
and
Superm
atrix
Phylogenies
U
sin
g
8050
o
f
th
e
8110
in
d
ivid
u
algen
e
p
h
ylo
gen
ies
w
h
ich
w
e
id
en
tified
in
o
u
r
M
R
P
su
p
ertree
an
alysis,
w
e
h
ave
reco
n
stru
cted
th
e
first
p
aram
etric
su
p
ertree
o
f
th
e
fu
n
gal
k
in
gd
o
m
(F
ig.
7).
W
e
selected
th
e
S
T
-R
F
M
C
M
C
B
ayesian
su
p
ertree
reco
n
stru
ctio
n
m
eth
o
d
im
p
lem
en
ted
in
p
4
fo
r
reco
n
-
stru
ctio
n
o
ver
th
e
h
eu
ristic
m
eth
o
d
im
p
lem
en
ted
in
L
.U
.S
t.
d
u
e
to
tracta-
b
ility
issu
es
regard
in
g
large
d
atasets
in
th
e
latter
m
eth
o
d
(A
k
an
n
iet
al.,2014,
2015).
T
w
o
ST
-R
F
an
alyses
w
ere
carried
o
u
t
fo
r
30,0
00
gen
eratio
n
s,
an
d
th
e
an
alyses
w
ere
ad
ju
d
ged
to
h
ave
co
n
verged
after
20,00
0
gen
eratio
n
s.
T
o
co
n
stru
ct
a
p
h
ylo
gen
y
fro
m
o
u
r
M
C
M
C
an
alysis,
w
e
sam
p
led
1
50
trees
gen
erated
after
co
n
vergen
ce
an
d
b
u
ilt
a
co
n
sen
su
s
tree
in
p
4
,
w
h
ere
b
ran
ch
su
p
p
o
rt
valu
es
are
th
e
estim
ated
p
o
sterio
r
p
ro
b
ab
ilities
o
f
a
given
sp
lit
(i.e.,
b
ip
artitio
n
)
w
ith
in
a
p
h
ylo
gen
y
(F
ig.
7
).
O
u
r
ST
-R
F
M
C
M
C
an
alysis
is
h
igh
ly
co
n
gru
en
t
w
ith
b
o
th
o
u
r
M
R
P
su
p
ertree
p
h
ylo
gen
y
an
d
su
p
erm
atrix
p
h
ylo
gen
ies
an
d
su
p
p
o
rts
th
e
m
o
n
o
p
h
yly
o
f
th
e
m
ajo
rity
o
f
th
e
eigh
t
fu
n
gal
p
h
yla
in
o
u
r
d
ataset
(F
ig.7).B
elo
w
,w
e
d
etailth
e
reso
lu
tio
n
o
f
th
e
b
asalan
d
D
ik
arya
lin
eages
u
n
d
er
ST
-R
F
an
alysis.
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ic
M
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A
uthor's personal copy
2.3.2.1
BasalFungi
A
fter
ro
o
tin
g
atR
.allom
ycis,th
e
N
eo
callim
astigo
m
yco
ta
an
d
C
h
ytridio
m
yco
ta
(except
G
.
prolifera)
fo
rm
a
sister
gro
u
p
relatio
n
sh
ip
w
ith
m
ax
im
u
m
P
P
(F
ig.
7
).
T
h
e
B
lasto
clad
io
m
yco
ta
em
erge
after
th
is
b
ran
ch
,
an
d
th
e
C
h
ytrid
io
m
yco
ta
sp
ecies
G
.
prolifera
b
ran
ch
es
as
sister
to
th
e
p
h
ylu
m
w
ith
m
ax
im
u
m
P
P
(F
ig.7
).T
h
ere
is
w
eak
su
p
p
o
rt
(0
.5
1
P
P
)
fo
r
a
m
o
n
o
p
h
yletic
clad
e
co
n
tain
in
g
b
o
th
fo
rm
er
zygo
m
ycetes
p
h
yla
Z
o
o
p
ago
m
yco
ta
an
d
M
u
co
ro
m
yco
ta
as
sister
clad
es
(F
ig.
7
).
N
o
tab
ly,
u
n
lik
e
M
R
P
an
d
su
p
er-
m
atrix
an
alysis,
S
T
-R
F
p
h
ylo
gen
y
p
laces
th
e
E
n
to
m
o
p
h
th
o
ro
m
yco
tin
a
as
m
o
n
o
p
h
yletic
b
u
t
w
ith
v
ery
w
eak
su
p
p
o
rt
(0
.3
8
P
P
).
T
h
ere
is
also
w
eak
su
p
p
o
rt
fo
r
th
e
p
lacem
en
t
th
e
E
n
to
m
o
p
h
th
o
ro
m
yco
tin
a
as
b
asal
w
ith
in
Z
o
o
p
ago
m
yco
ta.
K
ick
x
ello
m
yco
tin
a
are
m
o
n
o
p
h
yletic
w
ith
m
ax
im
u
m
B
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ycetes
E
urotiom
ycetes
N
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ycetes
S
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B
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X
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M
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C
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C
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S
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P
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C
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chizosaccharom
yces octosporus
C
oem
ansia reversa
S
erendipita indica
O
phiostom
a piceae
A
garicus bisporus
S
chizosaccharom
yces cryophilus
Taphrina deform
ans
E
ndocarpon pusillum
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P
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M
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S
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C
onidiobolus throm
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U
m
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R
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P
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R
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T
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B
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W
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A
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P
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M
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C
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B
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A
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P
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a om
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A
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E
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atitidis
B
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S
chizosaccharom
yces pom
be
H
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O
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B
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G
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G
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B
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M
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Fig.7
M
CM
C
Bayesian
supertree
phylogeny
of
84
fungalspecies
derived
from
8050
fully
bifurcating
source
phylogenies.Phylogeny
generated
in
p4
using
ST-RF
m
odel
of
m
axim
um
-likelihood
supertree
estim
ation
running
for
30,000
generations
w
ith
β¼
1.Posterior
probabilities
of
bipartition(s)
w
ithin
150
trees
sam
pled
after
conver-
gence
show
n
on
branches.M
axim
um
posterior
probability
support
designated
w
ith
an
asterisk
(*).
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su
p
p
o
rt.
T
h
e
m
o
n
o
p
h
yly
o
f
M
u
co
ro
m
yco
ta
is
fu
lly
su
p
p
o
rted
,
w
ith
R
.
irregularis
(G
lo
m
ero
m
yco
tin
a)
an
d
M
.
elongata
(M
o
rtierello
m
yco
tin
a)
b
ran
ch
in
g
as
sister
tax
a
(F
ig.
7
).
2.3.2.2
Basidiom
ycota
T
h
e
B
asidio
m
yco
ta
are
su
p
po
rted
as
a
m
o
n
o
p
h
yletic
gro
u
p
w
ith
m
axim
u
m
P
P
(F
ig.
7).
T
h
ere
is
w
eak
su
p
po
rt
fo
r
th
e
m
o
n
o
p
h
yly
o
f
P
u
ccin
io
m
yco
tin
a
(0.6
P
P
);
h
o
w
ever,
th
e
d
eeper
b
ran
ch
es
w
ith
in
th
e
su
b
ph
yla
are
all
fu
lly
su
p
po
rted
an
d
th
eir
to
p
o
lo
gy
reflects
b
o
th
th
e
M
R
P
su
p
ertree
an
d
M
L
su
p
-
erm
atrix
p
h
ylo
gen
ies
d
iscu
ssed
earlier
(F
igs.3,5,an
d
7).T
h
ere
is
fu
llsu
p
po
rt
fo
r
a
sister
relatio
n
sh
ip
b
etw
een
U
stilagin
o
m
yco
tin
a
an
d
A
garico
m
yco
tin
a,
an
d
b
o
th
th
ese
su
b
ph
yla
are
fu
lly
su
p
po
rted.
In
U
stilagin
o
m
yco
tin
a,
M
.
sym
podialis
is
th
e
b
asal
species
w
ith
m
ax
im
u
m
su
p
p
o
rt
(F
ig.
7),
as
in
o
u
r
su
p
erm
atrix
an
d
M
R
P
su
p
ertree
p
h
ylo
gen
ies.
T
h
e
to
p
o
lo
gy
o
f
th
e
A
garico
m
yco
tin
a
is
n
early
id
en
tical
o
n
th
e
class
level
to
b
o
th
th
e
M
R
P
an
d
su
p
erm
atrix
p
h
ylo
gen
ies,w
ith
B
.undulatusan
d
W
.sebib
ran
ch
in
g
as
b
asal
sp
ecies,
th
e
T
rem
ello
m
ycetes
fo
rm
in
g
a
m
o
n
o
p
h
yletic
in
term
ediate
clad
e,
an
d
a
fu
lly
su
p
po
rted
sister
relatio
n
sh
ip
b
etw
een
th
e
D
acrym
ycetes
an
d
th
e
A
garico
m
ycetes
(F
ig.
7).
2.3.2.3
A
scom
ycota
T
h
e
m
o
n
o
ph
yly
o
f
th
e
A
sco
m
yco
ta
is
su
ppo
rted
w
ith
m
axim
u
m
P
P
,as
is
th
e
m
o
n
o
ph
yly
o
f
tw
o
o
f
th
e
th
ree
su
bp
h
yla
in
A
sco
m
yco
ta
(F
ig.
7).
T
ap
h
rin
o
-
m
yco
tin
a
is
p
araph
yletic
as
in
th
e
M
R
P
p
h
ylo
gen
y,
w
ith
S
.
com
plicata
b
ran
ch
in
g
sister
to
Sacch
aro
m
yco
ta
w
ith
n
ear-m
axim
u
m
su
p
po
rt
(0.99
P
P
)
an
d
th
e
rem
ain
in
g
T
aph
rin
o
m
yco
tin
a
species
are
p
laced
as
a
m
o
n
o
ph
yletic
clad
e
w
ith
m
axim
u
m
P
P
(F
igs.
5
an
d
7).
T
h
e
T
ap
h
rin
o
m
ycetes
bran
ch
at
th
e
b
ase
o
f
th
e
T
ap
h
rin
o
m
yco
tin
a
clade,
an
d
th
ere
is
w
eak
su
ppo
rt
(0.51
P
P
)
fo
r
th
e
p
lacem
en
t
o
f
P
.
jirovecii
as
sister
to
th
e
Sch
izo
sacch
aro
m
yco
tin
a
(F
ig.
7).
T
h
e
Sacch
aro
m
yco
tin
a
are
fu
lly
su
pp
o
rted
as
m
o
n
o
p
h
yletic
(1.0
P
P
)
w
ith
L
.
starkeyi
p
laced
at
th
e
b
ase
o
f
th
e
su
b
p
h
yla.
T
h
e
m
o
n
o
p
h
yly
o
fth
e
P
ezizo
m
yco
tin
a
is
also
fu
lly
su
p
p
o
rted
an
d
th
ere
is
m
axim
u
m
su
p
p
o
rt
fo
r
th
e
m
o
n
o
p
h
yly
o
f
th
e
six
larger
rep
resen
ted
classes
w
ith
in
th
e
su
b
p
h
y-
lu
m
(F
ig.
7
).
A
d
d
itio
n
ally,
th
e
relatio
n
sh
ip
s
b
etw
een
th
e
in
d
ivid
u
al
classes
w
ith
in
P
ezizo
m
yco
tin
a
are
id
en
ticalto
th
e
to
p
o
lo
gy
seen
in
b
o
th
th
e
M
R
P
su
p
ertree
p
h
ylo
gen
y
an
d
th
e
M
L
su
p
erm
atrix
p
h
ylo
gen
y
(F
igs.
3
,5
,an
d
7
).
T
h
e
O
rb
ilio
m
ycetes
an
d
P
ezizo
m
ycetes
b
ran
ch
as
th
e
earliest-d
ivergin
g
clad
es
w
ith
in
P
ezizo
m
yco
tin
a
w
ith
m
ax
im
u
m
P
P
,
th
e
S
o
rd
ario
m
ycetes
an
d
L
eo
tio
m
ycetes
are
sister
classes
w
ith
m
ax
im
u
m
P
P
an
d
a
m
o
n
o
p
h
yletic
243
FungalPhylogenom
ic
M
ethodologies
A
uthor's personal copy
D
o
th
id
eio
m
ycetes–
X
ylo
n
o
m
ycetes–
E
u
ro
tio
m
ycetes
clad
e
receives
m
ax
i-
m
u
m
P
P
(F
ig.
7
).
2.4
Phylogenom
ics
of
FungiBased
on
G
ene
Content
A
co
m
m
o
n
altern
ative
to
p
h
ylo
gen
o
m
ic
reco
n
stru
ctio
n
u
sin
g
gen
e
p
h
ylo
g-
en
ies
is
to
tak
e
a
“gen
e
co
n
ten
t”
ap
p
ro
ach
in
w
h
ich
evo
lu
tio
n
ary
relatio
n
-
sh
ip
s
b
etw
een
sp
ecies
are
d
erived
fro
m
sh
ared
gen
o
m
ic
co
n
ten
t,
su
ch
as
th
e
p
resen
ce
o
r
ab
sen
ce
o
f
co
n
served
o
rth
o
lo
go
u
s
gen
es
(C
O
G
s)
o
r
th
e
o
verall
p
ro
p
o
rtio
n
o
f
sh
ared
gen
es
b
etw
een
tw
o
sp
ecies,
w
o
rk
in
g
u
n
d
er
th
e
assu
m
p
tio
n
th
at
sp
ecies
th
at
sh
are
m
o
re
o
f
th
eir
gen
o
m
e
are
clo
sely
related
(Sn
el,B
o
rk
,&
H
u
yn
en
,1999;Sn
el,H
u
yn
en
,&
D
u
tilh
,20
05
).In
th
e
case
o
f
p
resen
ce–
ab
sen
ce
an
alyses,a
m
atrix
can
b
e
co
n
stru
cted
fo
r
th
e
sp
ecies
u
n
d
er
in
vestigatio
n
,
w
h
ich
can
th
en
h
ave
th
eir
p
h
ylo
gen
y
reco
n
stru
cted
via
p
arsi-
m
o
n
y
m
eth
o
d
s.
A
n
alyses
based
o
n
p
ro
po
rtio
n
s
o
f
sh
ared
gen
es
can
en
tailth
e
co
n
stru
ctio
n
o
fd
istan
ce
m
atrices
fo
r
allin
p
u
t
sp
ecies,w
ith
valu
es
eq
u
alto
th
e
in
verse
ratio
o
fsh
ared
gen
es
(i.e.,iftw
o
species
sh
are
75%
o
fth
eir
gen
es,th
eir
d
istan
ce
is
0.25),
w
h
ich
is
th
en
u
sed
to
co
n
stru
ct
a
n
eigh
bo
r-jo
in
in
g
p
h
ylo
gen
y.
T
h
e
advan
tages
o
f
su
ch
app
ro
ach
es
are
th
e
relative
tractab
ility
o
f
p
arsim
o
n
y
o
r
d
istan
ce-based
gen
e
co
n
ten
t
m
eth
o
ds,
an
d
th
eir
p
o
ten
tial
to
u
se
m
o
re
in
fo
rm
atio
n
fro
m
gen
o
m
es
rath
er
th
an
th
e
so
u
rcin
g
o
f
data
fro
m
sm
aller
sets
o
f
gen
e
fam
ilies
req
u
ired
b
y
su
pertree
o
r
su
p
erm
atrix
ap
pro
ach
es
(C
reevey
&
M
cIn
ern
ey,20
09).H
o
w
ever,th
e
gen
e
co
n
ten
t
ap
pro
ach
is
b
y
its
very
n
atu
re
a
“bro
ad
stro
kes”
app
ro
ach
an
d
can
ign
o
re
po
ten
tially
im
p
o
rtan
t
p
h
ylo
gen
etic
in
fo
rm
atio
n
fro
m
in
dividu
al
gen
e
p
h
ylo
gen
ies
su
ch
as
H
G
T
even
ts,
an
d
assu
m
es
th
e
sam
e
evo
lu
tio
n
ary
h
isto
ry
fo
r
m
issin
g
o
rth
o
lo
gs
o
r
gen
o
m
ic
co
n
ten
t
am
o
n
g
sp
ecies
(P
age
&
H
o
lm
es,
1998).
2.4.1
G
ene
Content
Approaches
to
Phylogenom
ics
in
Fungi
G
en
e
co
n
ten
t
ap
pro
ach
es
to
p
h
ylo
gen
o
m
ic
reco
n
stru
ctio
n
h
ave
seen
app
lica-
tio
n
in
a
n
u
m
b
er
o
f
ph
ylo
gen
o
m
ics
stu
d
ies,
alth
o
u
gh
its
greatest
u
se
pred
ated
m
an
y
o
f
th
e
n
o
w
co
m
m
o
n
su
pertree
an
d
su
perm
atrix
m
eth
o
ds.
O
n
e
o
f
th
e
earliest
p
h
ylo
gen
o
m
ic
stu
dies
u
sed
a
d
istan
ce-based
ap
pro
ach
based
o
n
sh
ared
gen
e
co
n
ten
t
to
reco
n
stru
ctth
e
ph
ylo
gen
y
o
f13
u
n
icellu
lar
sp
ecies,in
clu
din
g
S
.
cerevisiae
(S
n
elet
al.,
1999).A
n
o
th
er
stu
dy
u
sed
a
w
eigh
ted
distan
ce
m
atrix
app
ro
ach
to
reco
n
stru
ct
th
e
p
h
ylo
gen
y
o
f
23
pro
k
aryo
te
an
d
eu
karyo
te
sp
e-
cies,
in
clu
d
in
g
S
.
cerevisiae
an
d
p
artial
gen
o
m
ic
d
ata
fro
m
S
.
pom
be
(T
ekaia,
L
azcan
o
,
&
D
u
jo
n
,
1999).
T
h
e
m
o
st
exten
sive
gen
e
co
n
ten
t-b
ased
p
h
ylo
gen
o
m
ic
reco
n
stru
ctio
n
o
f
fu
n
gi
w
as
an
an
alysis
o
f
21
fu
n
gal
gen
o
m
es
an
d
4
o
th
er
eu
karyo
te
gen
o
m
es
in
2
00
6
(K
u
ram
ae
et
al.,
2
006).
In
th
eir
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an
alysis,
th
e
au
th
o
rs
gen
erated
a
presen
ce–absen
ce
m
atrix
(P
A
M
)
o
f
4852
C
O
G
s
in
fu
n
galgen
o
m
es
as
a
co
m
p
lem
en
t
to
a
su
perm
atrix
p
h
ylo
gen
y
u
sin
g
5
31
co
n
caten
ated
pro
tein
s
w
h
ich
w
as
reco
n
stru
cted
u
sin
g
fo
u
r
d
ifferen
t
m
eth
o
d
s
(M
P
,
M
L
,
n
eigh
bo
r-jo
in
in
g,
an
d
B
ayesian
in
feren
ce).
T
h
e
au
th
o
rs
reco
n
stru
cted
th
e
p
h
ylo
gen
y
o
fall25
gen
o
m
es
u
sin
g
th
isP
A
M
an
d
fo
u
n
d
th
at
th
e
P
A
M
p
h
ylo
gen
y
d
iffer
m
o
st
in
th
e
p
lacem
en
t
o
f
S
.
pom
be
w
ith
in
S
acch
aro
m
ycetes
as
o
p
po
sed
to
its
b
asal
p
o
sitio
n
in
A
sco
m
ycetes
as
seen
in
th
eir
su
p
erm
atrix
reco
n
stru
ctio
n
s
(K
u
ram
ae
et
al.,
2
006).
T
o
testth
e
accu
racy
o
fin
ferrin
g
th
e
p
h
ylo
gen
y
o
fa
large
gen
o
m
ic
d
ataset
u
sin
g
sim
p
le
p
arsim
o
n
y
m
eth
o
d
s
b
ased
o
n
sh
ared
gen
o
m
ic
co
n
ten
t,
w
e
car-
ried
o
u
t
a
sim
p
le
p
arsim
o
n
y-b
ased
P
A
M
p
h
ylo
gen
o
m
ic
reco
n
stru
ctio
n
o
f
84
fu
n
gal
sp
ecies
b
ased
o
n
th
e
p
resen
ce
o
f
o
rth
o
lo
gs
fro
m
sin
gle-co
p
y
gen
e
fam
ilies.
2.4.2
Phylogenom
ic
Reconstruction
of
84
FungalSpecies
Based
on
CO
G
PAM
A
sim
p
le
P
A
M
w
as
gen
erated
fo
r
8
4
fu
n
gal
gen
o
m
es
b
ased
o
n
th
eir
rep
re-
sen
tatio
n
acro
ss
1
2,964
sin
gle-co
p
y
gen
e
fam
ilies
id
en
tified
via
th
e
ran
d
o
m
B
L
A
ST
p
ap
p
ro
ach
d
etailed
in
S
ectio
n
2
.2
.P
arsim
o
n
y
an
alysis
o
f
th
is
m
atrix
w
as
carried
o
u
t
u
sin
g
P
A
U
P*
w
ith
1
00
b
o
o
tstrap
rep
licates.
T
h
e
resu
ltan
t
co
n
sen
su
s
p
h
ylo
gen
y
gen
erated
b
y
P
A
U
P*
w
as
visu
alized
u
sin
g
iT
O
L
an
d
an
n
o
tated
acco
rd
in
g
to
th
e
N
C
B
I’s
tax
o
n
o
m
y
d
atab
ase.T
h
e
p
h
ylo
gen
y
w
as
ro
o
ted
at
R
.
allom
ycis
(F
ig.
8
).
2.4.3
CO
G
PAM
Approach
D
isplays
Erroneous
Placem
ent
of
Branches
W
ithin
D
ikarya
W
e
gen
erated
a
sim
p
le
P
A
M
p
h
ylo
gen
y
fo
r
th
e
84
fu
n
gal
gen
o
m
es
in
o
u
r
d
ataset
b
y
ch
eck
in
g
fo
r
th
e
p
resen
ce
o
r
ab
sen
ce
o
f
all
84
sp
ecies
acro
ss
th
e
12
,9
64
sin
gle-co
p
y
p
h
ylo
gen
ies
w
e
gen
erated
d
u
rin
g
o
u
r
su
p
ertree
an
alyses
via
ran
d
o
m
B
L
A
ST
p
search
es
an
d
u
sin
g
th
e
P
A
M
as
in
p
u
t
fo
r
p
arsim
o
n
y
an
alysis(F
ig.8).T
h
e
sim
p
le
P
A
M
p
h
ylo
gen
y
sh
o
w
sso
m
e
levelo
fco
n
gru
en
ce
w
ith
th
e
o
th
er
p
h
ylo
gen
o
m
ic
an
alyses
d
escrib
ed
h
ere
alo
n
g
certain
bran
ch
es
(F
ig.
8).
T
h
e
m
o
n
o
p
h
yly
o
f
N
eo
callim
astigo
m
yco
ta,
C
h
ytrid
io
m
yco
ta,
an
d
B
lasto
clad
io
m
yco
ta
all
d
isplays
m
axim
u
m
o
r
n
ear-m
axim
u
m
B
P
,
an
d
th
ere
is
72%
B
P
fo
r
a
sister
relatio
n
sh
ip
betw
een
C
h
ytrid
io
m
yco
ta
an
d
N
eo
callim
astigo
m
yco
ta
(F
ig.
8).
T
h
e
Z
o
o
pago
m
yco
ta
an
d
M
u
co
ro
m
yco
ta
are
p
laced
in
o
n
e
m
o
n
o
p
h
yletic
clade
w
ith
82%
B
P
,
w
ith
th
e
tw
o
E
n
to
m
o
ph
th
o
ro
m
yco
tin
a
species
in
o
u
r
d
ataset
b
ran
ch
in
g
as
clo
sely
related
to
th
e
M
u
co
ro
m
yco
ta
(F
ig.
8).
H
o
w
ever,
so
m
e
glarin
g
co
n
flicts
w
ith
th
e
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o
th
er
ph
ylo
gen
o
m
ic
m
eth
o
d
s
w
e
carried
o
u
t
can
b
e
o
bserved
w
ith
in
th
e
D
ik
arya
lin
eage.
M
o
st
n
o
tab
ly,
th
e
A
garico
m
yco
tin
a
an
d
Sacch
aro
m
yco
tin
a
are
b
o
th
p
arap
h
yletic
in
o
u
r
sin
gle-co
py
P
A
M
ap
pro
ach
;
fo
r
th
e
fo
rm
er,
W
.
sebi
an
d
B
.
undulatus
bran
ch
at
th
e
b
ase
o
f
th
e
B
asidio
m
yco
ta
ad
jacen
t
to
U
stilago
m
yco
tin
a,
w
h
ile
in
th
e
latter
th
ree
o
f
th
e
fo
u
r
S
acch
aro
m
yco
tin
a
(exclu
din
g
L
.
starkeyi)
sp
ecies
bran
ch
in
o
u
r
d
ataset
at
th
e
b
ase
o
f
th
e
A
sco
m
yco
ta,
im
p
lyin
g
th
at
T
aph
rin
o
m
yco
tin
a
d
iverged
later
th
an
Sacch
ar-
o
m
yco
tin
a
(F
ig.
8).
T
h
ere
is
u
n
certain
placem
en
t
o
f
clad
es
w
ith
in
th
e
B
asid
io
m
yco
ta
su
bp
h
yla
in
particu
lar.
In
th
e
A
sco
m
yco
ta,
th
e
T
aph
rin
o
m
y-
co
tin
a
are
p
araph
yletic
an
d
S
.
com
plicata
bran
ch
es
adjacen
t
to
L
.
starkeyi.
T
h
e
m
o
n
o
p
h
yly
o
f
all
six
larger
P
ezizo
m
yco
tin
a
classes
are
su
pp
o
rted,
m
an
y
w
ith
relatively
h
igh
o
r
even
m
axim
u
m
B
P
;
h
o
w
ever,
th
ere
is
po
o
rer
reso
lu
-
tio
n
o
f
m
an
y
relatio
n
sh
ips
w
ith
in
th
ese
classes
w
ith
th
e
clearest
exam
p
les
B
asidiobolom
ycetes
E
urotiom
ycetes
N
eocallim
astigom
ycetes
S
ordariom
ycetes
B
lastocladiom
ycetes
X
ylonom
ycetes
M
onoblepharidom
ycetes
P
neum
ocystidom
ycetes
G
em
inibasidiom
ycetes
P
ezizom
ycetes
A
garicom
ycetes
C
hytridiom
ycetes
D
othideom
ycetes
Leotiom
ycetes
G
lom
erom
ycetes
S
chizosaccharom
ycetes
Taphrinom
ycetes
M
alasseziom
ycetes
M
ixiom
ycetes
W
allem
iom
ycetes
E
xobasidiom
ycetes
U
stilaginom
ycetes
Trem
ellom
ycetes
D
acrym
ycetes
O
rbiliom
ycetes
M
icrobotryom
ycetes
P
ucciniom
ycetes
E
ntom
ophthorom
ycetes
S
accharom
ycetes
A
scom
ycota
N
eocallim
astigom
ycota
M
ucorom
ycota
B
asidiom
ycota
B
lastocladiom
ycota
Z
oopagom
ycota
Taxo
n
o
m
y
K
ickxellom
ycotina
B
lastocladiom
ycota
G
lom
erom
ycotina
P
ucciniom
ycotina
Taphrinom
ycotina
M
ortierellom
ycotina
A
garicom
ycotina
C
ryptom
ycota
M
ucorom
ycotina
C
hytridiom
ycota
N
eocallim
astigom
ycota
S
accharom
ycotina
P
ezizom
ycotina
U
stilaginom
ycotina
E
ntom
ophthorom
ycotina
C
ryptom
ycota
Z
oopagom
ycota
C
hytridom
ycota
B
ipolaris m
aydis
P
haeoacrem
onium
 m
inim
um
Taphrina deform
ans
S
chizosaccharom
yces cryophilus
R
hizopus oryzae
Tuber m
elanosporum
P
neum
ocystis jirovecii
A
uricularia subglabra
U
stilago m
aydis
A
naerom
yces robustus
Z
ym
oseptoria tritici
M
alassezia sym
podialis
O
rpinom
yces sp. C
1A
S
erendipita indica
S
chizosaccharom
yces octosporus
S
accharom
yces cerevisiae
C
utaneotrichosporon oleaginosus
P
yronem
a om
phalodes
G
loeophyllum
 trabeum
Jaapia argillacea
Lipom
yces starkeyi
O
gataea polym
orpha
C
occidioides im
m
itis
C
ryptococcus neoform
ans
O
phiostom
a piceae
P
uccinia gram
inis
C
atenaria anguillulae
A
garicus bisporus
Linderina pennispora
C
oniochaeta ligniaria
C
enococcum
 geophilum
R
hizophagus irregularis
C
alocera cornea
P
rotom
yces lactucaedebilis
P
hycom
yces blakesleeanus
Leucosporidium
 creatinivorum
A
llom
yces m
acrogynus
T
illetiaria anom
ala
S
erpula lacrym
ans
P
unctularia strigosozonata
S
aitoella com
plicata
E
xophiala derm
atitidis
N
eocallim
astix californiae
B
lum
eria gram
inis
S
chizosaccharom
yces japonicus
E
ndocarpon pusillum
M
icrobotryum
 lychnidis-dioicae
W
allem
ia sebi
C
andida albicans
S
phaerobolus stellatus
S
istotrem
astrum
 suecicum
D
actylellina haptotyla
R
am
icandelaber brevisporus
H
ypoxylon sp. E
C
38
W
olfiporia cocos
H
ysterium
 pulicare
M
ortierella elongata
R
ozella allom
ycis
C
oem
ansia reversa
M
agnaporthe grisea
U
m
belopsis ram
anniana
B
asidioascus undulatus
S
pizellom
yces punctatus
F
ibulorhizoctonia sp. C
B
S
 109695
B
otrytis cinerea
P
haeom
oniella chlam
ydospora
D
acryopinax prim
ogenitus
P
irom
yces finnis
B
otryobasidium
 botryosum
X
ylona heveae
S
chizosaccharom
yces pom
be
A
spergillus niger
R
hodotorula gram
inis
M
artensiom
yces pterosporus
A
rthrobotrys oligospora
G
onapodya prolifera
M
ixia osm
undae
B
asidiobolus m
eristosporus
C
onidiobolus throm
boides
R
hizoclosm
atium
 globosum
N
eurospora crassa
S
porisorium
 reilianum
B
atrachochytrium
 dendrobatidis
H
eterobasidion annosum
*
99
89
98
95
*
66
81
93
89
64
98
98
*
94
*86
77
66
*
72
82
*
57
52
*
85
81
*
61
999151
*
*
82
*
*
99
50
92
56
52 *
53
87
51
*
*
62
*
*
*
*
58
71
*
82
77
*
71
71
99
*
*
72
60
7570
50
77
*
S
accharom
ycetes
M
ucorom
ycota
Fig.8
M
axim
um
parsim
ony
(M
P)phylogeny
of84
fungalspeciesbased
on
the
presence
of
hom
ologs
from
12,964
single-copy
gene
fam
ilies
identified
via
random
BLA
STp
searches.Bootstrap
supports
show
n
on
branches.M
axim
um
bootstrap
support
desig-
nated
w
ith
an
asterisk
(*).
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b
ein
g
th
e
So
rd
ario
m
ycetes
an
d
E
u
ro
tio
m
ycetes
(F
ig.
8).
In
sh
o
rt,
o
u
r
P
A
M
ph
ylo
gen
y
is
able
to
retrieve
relatio
n
sh
ips
w
ith
so
m
e
level
o
f
accu
racy
w
ith
in
th
e
fu
n
gal
k
in
gd
o
m
,
b
u
t
th
e
m
eth
o
d
lack
s
th
e
ab
ility
to
reso
lve
so
m
e
o
f
th
e
m
o
re
d
ivergen
t
relatio
n
sh
ips
w
ith
in
fu
n
gi
to
th
e
degree
th
at
so
m
e
o
f
o
u
r
su
perm
atrix
o
r
su
p
ertree
ph
ylo
gen
ies
h
ave
illu
strated.
2.5
A
lignm
ent-Free
Phylogenom
ic
A
nalysis
of
Fungi
A
n
o
th
er
altern
ative
to
th
e
align
m
en
t-b
ased
m
eth
o
d
s
o
f
p
h
ylo
gen
o
m
ic
reco
n
stru
ctio
n
w
e
h
ave
d
etailed
earlier
isth
e
u
se
o
fa
strin
g-b
ased
co
m
p
ariso
n
o
f
gen
o
m
es
to
in
fer
p
h
ylo
gen
y,
b
ased
o
n
th
e
assu
m
p
tio
n
th
at
u
n
d
er
su
ch
co
m
p
ariso
n
s
each
sp
ecies
sh
o
u
ld
h
ave
a
ch
aracteristic
gen
o
m
ic
sign
atu
re
th
at
can
act
as
a
p
h
ylo
gen
etic
m
ark
er
(D
elsu
c,
B
rin
k
m
an
n
,
&
P
h
ilip
p
e,
2005
).
S
o
m
e
an
alyses
h
ave
th
u
s
u
sed
sign
atu
res
su
ch
as
d
istrib
u
tio
n
o
f
p
ro
tein
fo
ld
s
o
r
freq
u
en
cy
o
f
o
ligo
n
u
cleo
tid
es
fro
m
gen
etic
an
d
gen
o
m
ic
d
ata
to
in
fer
p
h
ylo
gen
y
(C
am
p
b
ell,
M
rázek
,
&
K
arlin
,
199
9;
L
in
&
G
erstein
,
2000
;
P
rid
e,
M
ein
ersm
an
n
,
W
assen
aar,
&
B
laser,
200
3
).
T
h
e
m
o
st
w
id
ely
u
sed
align
m
en
t-free
p
h
ylo
gen
o
m
ic
m
eth
o
d
,
th
e
co
m
p
o
sitio
n
vecto
r
(C
V
)
ap
p
ro
ach
,
w
as
first
im
plem
en
ted
by
Q
i,
L
u
o
,
an
d
H
ao
(2004)
an
d
by
Q
i,
W
an
g,
an
d
H
ao
(2004),
w
h
o
u
sed
th
e
appro
ach
to
reco
n
stru
ct
th
e
ph
ylo
gen
y
o
f87
pro
karyo
te
speciesfro
m
11
bacterialan
d
2
arch
aealph
yla
(Q
i,W
an
g,etal.,
2004).
In
th
eir
an
alysis,
th
e
au
th
o
rs
detail
th
e
C
V
m
eth
o
d
fo
r
reco
n
stru
ctin
g
ph
ylo
gen
y
u
sin
g
gen
o
m
e-scale
data,
w
h
ich
w
e
reco
u
n
t
as
fo
llo
w
s:
1
.
G
iven
a
n
u
cleic
acid
o
r
am
in
o
acid
seq
u
en
ce
o
f
len
gth
L
in
a
gen
o
m
e,
co
u
n
t
th
e
ap
p
earan
ces
o
f
o
verlap
p
in
g
strin
gs
(i.e.,
o
ligo
n
u
cleo
tid
es
o
r
o
ligo
p
ep
tid
es)
o
f
a
len
gth
K
an
d
co
n
stru
ct
a
freq
u
en
cy
vecto
r
o
f
len
gth
4
K
fo
r
n
u
cleic
acid
seq
u
en
ces
an
d
20
K
fo
r
am
in
o
acid
seq
u
en
ces.
2
.
Su
b
tract
b
ack
gro
u
n
d
n
o
ise,
to
acco
u
n
t
fo
r
ran
d
o
m
m
u
tatio
n
at
th
e
m
o
lecu
lar
level,fro
m
each
freq
u
en
cy
vecto
r
to
gen
erate
an
o
verallco
m
-
p
o
sitio
n
vecto
r
fo
r
a
given
gen
o
m
e.
3
.
C
alcu
late
a
d
istan
ce
m
atrix
fo
r
th
e
set
o
f
co
m
p
o
sitio
n
vecto
rs
co
rresp
o
n
d
in
g
to
th
e
set
o
f
in
p
u
t
gen
o
m
es.
4
.
G
en
erate
a
n
eigh
b
o
r-jo
in
in
g
p
h
ylo
gen
y
fro
m
th
e
d
istan
ce
m
atrix
u
sin
g
so
ftw
are
su
ch
as
N
eigh
b
o
r
o
r
P
A
U
P*
.
T
h
e
m
ain
ad
van
tages
o
f
th
e
co
m
p
o
sitio
n
vecto
r
ap
p
ro
ach
o
ver
trad
itio
n
al
align
m
en
t-b
ased
m
eth
o
d
s
o
fin
ferrin
g
p
h
ylo
gen
y
are
th
e
rem
o
valo
fartificial
selectio
n
o
f
p
h
ylo
gen
etic
m
ark
ers
fro
m
th
e
p
ro
cess
o
f
reco
n
stru
ctio
n
(th
e
o
n
ly
variab
le
in
th
e
m
eth
o
d
is
K
,
th
e
len
gth
o
f
o
verlap
p
in
g
o
ligo
p
ep
tid
es),
an
d
th
e
relative
sp
eed
w
ith
w
h
ich
th
e
ap
p
ro
ach
can
in
fer
p
h
ylo
gen
y
fo
r
large
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d
atasets
o
ver
align
m
en
t-b
ased
su
p
ertree
o
r
su
p
erm
atrix
m
eth
o
d
s.
H
en
ce,
it
m
ay
b
e
u
sefu
l
fo
r
q
u
ick
p
h
ylo
gen
o
m
ic
id
en
tificatio
n
o
f
n
ew
ly
seq
u
en
ced
gen
o
m
es
again
st
p
u
b
lish
ed
d
ata
an
d
as
an
in
d
ep
en
d
en
t
verificatio
n
step
o
f
p
revio
u
s
align
m
en
t-b
ased
p
h
ylo
gen
etic
o
r
p
h
ylo
gen
o
m
ic
an
alysis
(W
an
g,
X
u
,
G
ao
,
&
H
ao
,
2
009
).
O
n
th
at
p
o
in
t
h
o
w
ever,
in
terp
retin
g
th
e
accu
racy
o
r
o
th
erw
ise
o
f
C
V
p
h
ylo
gen
o
m
ic
reco
n
stru
ctio
n
s
is
gen
erally
d
ep
en
d
en
t
o
n
p
rio
r
k
n
o
w
led
ge
o
fth
e
p
h
ylo
gen
y
o
fgiven
taxa
d
erived
fro
m
align
m
en
t-
b
ased
p
h
ylo
gen
etic
o
r
p
h
ylo
gen
o
m
ic
an
alyses.
A
n
ap
p
ro
ach
to
in
ferrin
g
p
h
ylo
gen
y
b
ased
o
n
n
u
cleo
tid
e
o
r
am
in
o
acid
co
m
p
o
sitio
n
m
ay
also
b
e
su
s-
cep
tib
le
to
co
m
p
o
sitio
n
al
b
iases,
an
d
th
ere
h
as
n
o
t
b
een
to
th
e
b
est
o
f
o
u
r
k
n
o
w
led
ge
a
rigo
ro
u
s
an
alysis
o
f
th
e
p
o
ten
tial
effect
th
ese
m
ay
h
ave
o
n
accu
racy
o
f
p
h
ylo
gen
o
m
ic
in
feren
ce,
as
th
ere
h
ave
b
een
fo
r
th
e
su
p
ertree
o
r
su
p
erm
atrix
m
eth
o
d
s
referred
to
earlier.
2.5.1
Com
position
Vector
M
ethod
Phylogenom
ics
of
Fungi
M
an
y
o
f
th
e
p
h
ylo
gen
o
m
ic
an
alyses
u
sin
g
th
e
C
V
m
eth
o
d
h
ave
an
alyzed
large
p
ro
k
aryo
tic
d
atasets
o
r
b
ro
ad
glo
b
ald
atasets
sam
p
led
fro
m
m
an
y
p
h
yla
o
r
k
in
gd
o
m
s
acro
ss
th
e
th
ree
d
o
m
ain
s
o
f
life,
w
h
o
se
p
h
ylo
gen
ies
w
ere
reco
vered
w
ith
q
u
ality
co
m
p
arative
to
align
m
en
t-b
ased
p
h
ylo
gen
o
m
ic
an
alyses.
T
h
e
m
o
st
exten
sive
ap
p
licatio
n
o
f
th
e
co
m
p
o
sitio
n
vecto
r
ap
p
ro
ach
in
fu
n
gal
p
h
ylo
gen
o
m
ics
w
as
an
85
-gen
o
m
e
an
alysis
b
y
W
an
g
et
al.
(2009
)
u
sin
g
a
C
V
im
p
lem
en
tatio
n
in
th
e
so
ftw
are
p
ro
gram
C
V
T
ree
(Q
i,
L
u
o
,
et
al.,
200
4
;
W
an
g
et
al.,
2
009).
F
o
r
th
eir
an
alysis,
W
an
g
et
al.
(2009)reco
n
stru
cted
th
e
p
h
ylo
gen
y
o
fth
e
fu
n
galk
in
gd
o
m
u
sin
g
81
gen
o
m
es
fro
m
4
fu
n
gal
p
h
yla
(B
asid
io
m
yco
ta,
A
sco
m
yco
ta,
C
h
ytrid
io
m
yco
ta,
an
d
M
u
co
ro
m
yco
ta)
as
w
ell
as
th
e
m
icro
sp
o
rid
ian
E
ncephalitoz
oon
cuniculi
an
d
3
eu
k
aryo
tic
o
u
tgro
u
p
taxa.
T
h
e
au
th
o
rs
d
escrib
ed
th
e
reso
lu
tio
n
o
f
b
o
th
th
e
B
asid
io
m
yco
ta
an
d
A
sco
m
yco
ta
in
d
etailin
th
eir
an
alysis;
th
e
th
ree
su
b
-
p
h
yla
w
ith
in
B
asid
io
m
yco
ta
w
ere
reco
vered
b
u
t
w
ith
p
o
o
r
b
o
o
tstrap
su
p
-
p
o
rt
d
u
e
to
issu
es
w
ith
tax
o
n
sam
p
lin
g
(o
n
ly
12
B
asio
m
yco
ta
sp
ecies
h
ad
gen
o
m
ic
d
ata
at
th
e
tim
e
o
fth
e
an
alysis),w
h
ile
th
e
m
ain
fo
cu
s
o
fth
e
au
th
o
rs
an
alysis
w
as
o
n
th
e
reso
lu
tio
n
o
f
65
A
sco
m
yco
ta
sp
ecies.
W
ith
in
th
e
A
sco
m
yco
ta,
th
e
T
ap
h
rin
o
m
yco
ta
(rep
resen
ted
b
y
th
ree
S
chiz
osaccharom
yces
sp
ecies)
w
ere
fu
lly
reso
lved
an
d
in
th
e
S
acch
aro
m
yco
tin
a
th
e
tw
o
clad
es
d
escrib
ed
b
y
F
itzp
atrick
et
al.
(200
6),
th
e
C
T
G
clad
e
an
d
th
e
W
G
D
clad
e,
w
ere
also
reco
vered
.
C
V
reco
n
stru
ctio
n
reco
vered
fo
u
r
classes
w
ith
in
P
ezizo
m
yco
tin
a;
th
e
D
o
th
id
eo
m
ycetes
an
d
E
u
ro
tio
m
ycetes
w
ere
p
laced
as
sister
taxa
w
ith
m
axim
u
m
su
p
p
o
rt,
as
w
ere
th
e
So
rd
ario
m
ycetes
an
d
L
eo
tio
m
ycetes.
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T
o
co
m
p
lem
en
t
o
u
r
p
h
ylo
gen
o
m
ic
an
alyses
b
ased
o
n
so
u
rce
gen
e
p
h
y-
lo
gen
ies
o
r
id
en
tificatio
n
o
fsh
ared
o
rth
o
lo
gs,w
e
carried
o
u
t
align
m
en
t-free
an
alysis
o
f
8
4
fu
n
gal
sp
ecies
u
sin
g
th
e
co
m
p
o
sitio
n
vecto
r
m
eth
o
d
as
im
p
lem
en
ted
in
C
V
T
ree.
2.5.2
Phylogenom
ic
Reconstruction
of
84
FungalSpecies
U
sing
the
CV
Approach
C
o
m
p
o
sitio
n
vecto
r
an
alysis
w
as
carried
o
u
t
o
n
84
gen
o
m
es
u
sin
g
C
V
T
ree
w
ith
K
¼
5
(Q
i,L
u
o
,etal.,20
04
).W
e
selected
K
¼
5
as
th
e
b
estco
m
p
ro
m
ise
o
f
b
o
th
co
m
p
u
tatio
n
al
req
u
irem
en
ts
an
d
reso
lu
tio
n
p
o
w
er.
A
s
th
e
C
V
m
eth
o
d
d
o
es
n
o
t
gen
erate
b
o
o
tstrap
p
ed
p
h
ylo
gen
ies,
w
e
gen
erated
100
b
o
o
tstrap
rep
licates
o
f
o
u
r
84-gen
o
m
e
rep
resen
tative
d
ataset
u
sin
g
b
esp
o
k
e
P
yth
o
n
scrip
tin
g
an
d
ran
co
m
p
o
sitio
n
vecto
r
an
alysis
o
n
each
rep
licate
d
ataset
(Z
u
o
,
X
u
,
Y
u
,
&
H
ao
,
201
0).
100
rep
licate
n
eigh
b
o
r-jo
in
in
g
p
h
y-
lo
gen
ies
w
ere
calcu
lated
fro
m
th
eir
co
rresp
o
n
d
in
g
C
V
T
ree
o
u
tp
u
t
d
istan
ce
m
atrices
u
sin
g
N
eigh
b
o
r
(F
elsen
stein
,
198
9
).
T
h
e
m
ajo
rity-ru
le
co
n
sen
su
s
p
h
ylo
gen
y
fo
r
all10
0
co
m
p
o
sitio
n
vecto
r
rep
licate
trees
w
as
gen
erated
u
sin
g
C
o
n
sen
se
(F
elsen
stein
,
1989
)
an
d
w
as
visu
alized
in
iT
O
L
,
an
d
an
n
o
tated
acco
rd
in
g
to
th
e
N
C
B
I’s
taxo
n
o
m
y
d
atab
ase.
T
h
e
p
h
ylo
gen
y
w
as
ro
o
ted
at
R
.
allom
ycis
(F
ig.
9
).
2.5.3
Com
position
Vector
Phylogenom
ic
Reconstruction
of
84
Fungal
Species
Is
Congruent
W
ith
Alignm
ent-Based
M
ethods
W
e
carried
o
u
t
co
m
p
o
sitio
n
v
ecto
r
m
eth
o
d
p
h
ylo
gen
o
m
ic
reco
n
stru
ctio
n
o
f
o
u
r
8
4
-gen
o
m
e
d
ataset
to
co
m
p
lem
en
t
th
e
align
m
en
t-b
ased
an
d
gen
o
-
m
ic
co
n
ten
t
m
eth
o
d
s
w
e
d
etailed
earlier
(F
ig.
9
).
O
u
r
co
m
p
o
sitio
n
vecto
r
an
alysis
d
isp
lays
ad
eq
u
ate
lev
els
o
f
tax
o
n
o
m
ic
co
n
gru
en
ce
w
ith
o
u
r
su
p
-
erm
atrix
an
d
su
p
ertree
an
alyses
d
etailed
in
p
revio
u
s
sectio
n
s,
su
p
p
o
rtin
g
all
th
e
m
o
n
o
p
h
yly
o
f
each
m
ajo
r
fu
n
gal
p
h
yla
an
d
m
an
y
o
f
th
e
su
b
p
h
yla
w
ith
in
(F
ig.
9
).
T
h
ere
are
h
o
w
ev
er
so
m
e
v
ariatio
n
s
in
to
p
o
lo
gy
an
d
su
p
-
p
o
rt
b
etw
een
th
e
b
asallin
eages
an
d
w
ith
in
th
e
P
ezizo
m
yco
tin
a
su
b
p
h
ylu
m
in
o
u
r
C
V
p
h
ylo
gen
y
co
m
p
ared
to
o
u
r
su
p
erm
atrix
an
d
su
p
ertree
p
h
ylo
gen
ies.
2.5.3.1
BasalFungi
A
fter
ro
o
tin
g
atR
.allom
ycis,th
e
N
eo
callim
astigo
m
yco
ta
em
erge
asth
e
earliest-
d
ivergin
g
fu
n
gallin
eage
(F
ig.9).T
h
e
m
o
n
o
ph
yly
o
fN
eo
callim
astigo
m
ycetes
is
also
fu
lly
su
pp
o
rted.
M
o
n
o
ph
yletic
B
lasto
cladio
m
yco
ta
an
d
C
h
ytridio
-
m
yco
ta
clad
es
b
ran
ch
as
sister
p
h
yla
w
ith
6
2
%
B
P
.
T
h
e
m
o
n
o
p
h
yly
o
f
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A
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B
lasto
cladio
m
yco
ta
receives
m
axim
u
m
su
p
po
rt,
an
d
n
o
tably
u
n
like
o
u
r
M
R
P
an
d
su
p
erm
atrix
p
h
ylo
gen
ies
G
.
prolifera
b
ran
ch
es
w
ith
in
th
e
C
h
ytri-
d
io
m
yco
ta
w
ith
8
6%
B
P
(F
igs.
3–
5
an
d
9).
In
co
n
trast
to
b
o
th
su
p
erm
atrix
p
h
ylo
gen
ies
an
d
th
e
M
R
P
an
d
S
T
-R
F
p
h
ylo
gen
ies,
an
d
lik
e
th
e
A
V
an
d
P
A
M
p
h
ylo
gen
ies
th
e
tw
o
zygo
m
ycetes
fu
n
gal
p
h
yla
(M
u
co
ro
m
yco
ta,
Z
o
o
p
ago
m
yco
ta)
are
p
laced
w
ith
in
o
n
e
m
o
n
o
ph
yletic
clad
e
w
ith
79%
B
P
(F
igs.
3–
9
).
K
ick
xello
m
yco
tin
a
are
m
o
n
o
p
h
yletic
w
ith
95%
B
P
an
d
b
ran
ch
at
th
e
b
ase
o
f
th
is
Z
o
o
p
ago
m
yco
ta–
M
u
co
ro
m
yco
ta
clad
e.
R
eso
lu
tio
n
o
f
th
e
relatio
n
sh
ip
b
etw
een
th
e
resto
fth
e
fo
rm
er
zygo
m
ycetes
su
b
ph
yla
ish
arder
to
ascertain
an
d
h
as
w
eak
er
su
p
po
rt;
th
e
tw
o
E
n
to
m
o
p
h
th
o
ro
m
yco
tin
a
species
b
ran
ch
d
istan
t
fro
m
each
o
th
er
w
ith
B
.
m
eristosporus
b
ran
ch
in
g
w
ith
in
M
u
co
ro
m
yco
ta
ad
jacen
t
to
M
o
rtierello
m
yco
tin
a
an
d
C
.
throm
boides
b
ran
c-
h
in
g
b
esid
e
th
e
G
lo
m
ero
m
yco
tin
a
species
R
.
irregularis,
sim
ilar
to
w
h
at
is
B
asidiobolom
ycetes
E
urotiom
ycetes
N
eocallim
astigom
ycetes
S
ordariom
ycetes
B
lastocladiom
ycetes
X
ylonom
ycetes
M
onoblepharidom
ycetes
P
neum
ocystidom
ycetes
G
em
inibasidiom
ycetes
P
ezizom
ycetes
A
garicom
ycetes
C
hytridiom
ycetes
D
othideom
ycetes
Leotiom
ycetes
G
lom
erom
ycetes
S
chizosaccharom
ycetes
Taphrinom
ycetes
M
alasseziom
ycetes
M
ixiom
ycetes
W
allem
iom
ycetes
E
xobasidiom
ycetes
U
stilaginom
ycetes
Trem
ellom
ycetes
D
acrym
ycetes
O
rbiliom
ycetes
M
icrobotryom
ycetes
P
ucciniom
ycetes
E
ntom
ophthorom
ycetes
S
accharom
ycetes
A
scom
ycota
N
eocallim
astigom
ycota
M
ucorom
ycota
B
asidiom
ycota
B
lastocladiom
ycota
Z
oopagom
ycota
Taxo
n
o
m
y
K
ickxellom
ycotina
B
lastocladiom
ycota
G
lom
erom
ycotina
P
ucciniom
ycotina
Taphrinom
ycotina
M
ortierellom
ycotina
A
garicom
ycotina
C
ryptom
ycota
M
ucorom
ycotina
C
hytridiom
ycota
N
eocallim
astigom
ycota
S
accharom
ycotina
P
ezizom
ycotina
U
stilaginom
ycotina
E
ntom
ophthorom
ycotina
C
ryptom
ycota
Z
oopagom
ycota
C
hytridom
ycota
M
ucorom
ycota
P
uccinia gram
inis
O
phiostom
a piceae
A
naerom
yces robustus
G
onapodya prolifera
F
ibulorhizoctonia sp. C
B
S
 109695
M
ortierella elongata
H
eterobasidion annosum
P
hycom
yces blakesleeanus
R
ozella allom
ycis
R
hizoclosm
atium
 globosum
U
m
belopsis ram
anniana
S
phaerobolus stellatus
M
icrobotryum
 lychnidis-dioicae
U
stilago m
aydis
Jaapia argillacea
A
garicus bisporus
S
chizosaccharom
yces pom
be
C
ryptococcus neoform
ans
A
spergillus niger
S
accharom
yces cerevisiae
P
yronem
a om
phalodes
O
gataea polym
orpha
N
eurospora crassa
R
hizopus oryzae
O
rpinom
yces sp. C
1A
S
chizosaccharom
yces octosporus
B
atrachochytrium
 dendrobatidis
W
olfiporia cocos
E
ndocarpon pusillum
M
artensiom
yces pterosporus
C
oniochaeta ligniaria
B
asidioascus undulatus
X
ylona heveae
B
asidiobolus m
eristosporus
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Fig. 10 Congruence of eight fungal phyla under five phylogenomic reconstructions. All clades bar Cryptomycota (represented Rozella
allomycis) collapsed by phylum, paraphyletic species displayed as individual leaves. Gonapodya prolifera¼Chytridiomycota, Rhizophagus
irregularis¼Mucoromycota, all other species except R. allomycis¼Zoopagomycota. Refer to Figs. 3, 4, 5, 7, and 9, respectively, for original
phylogenies. (A) ML and Bayesian supermatrix phylogenies. Branch supports given as ML bootstrap supports and, where topology is identical,
Bayesian posterior probabilities. Maximum bootstrap or posterior probability support designated with an asterisk (*). (B) MRP supertree phy-
logeny. Branch supports given as bootstrap supports. Maximum bootstrap support designated with an asterisk (*). (C). MCMC Bayesian sup-
ertree phylogeny using ST-RF ML method. Branch supports given as posterior probabilities of bipartition(s). Maximum posterior probability
support designated with an asterisk (*). (D) CV phylogeny. Branch supports given as bootstrap supports. Maximum bootstrap support des-
ignated with an asterisk (*).
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laced
as
sister
p
h
yla
w
ith
0
.51
P
P
an
d
b
ran
ch
sister
to
D
ik
arya
(F
ig.
10C
).
N
o
tab
ly,
o
u
r
ST
-R
F
p
h
ylo
gen
y
is
th
e
o
n
ly
ph
ylo
gen
y
th
atreso
lvesE
n
to
m
o
ph
th
o
ro
m
yco
tin
a
asa
m
o
n
o
ph
yletic
clade
(F
ig.
7),
albeit
w
ith
extrem
ely
w
eak
po
sterio
r
pro
bability
su
ppo
rt
(0.38
P
P
).
W
ith
in
Z
o
o
pago
m
yco
ta
in
o
u
r
ST
-R
F
ph
ylo
gen
y,
E
n
to
m
o
ph
th
o
ro
m
yco
tin
a
bran
ch
asth
e
basalclade
w
ith
0.51
P
P
,sister
to
K
ickxello
m
yco
tin
a
(F
ig.7).O
u
r
ST
-R
F
ph
ylo
gen
y
also
places
R
.
irregularis
(G
lo
m
ero
m
yco
tin
a)
adjacen
t
to
M
.
elongata
(M
o
rtierello
m
yco
tin
a)
w
ith
in
th
e
M
u
co
ro
m
yco
ta
(F
ig.
7).
W
ith
in
M
u
co
ro
m
yco
ta,
M
o
rtiello
m
yco
tin
a
an
d
M
u
co
ro
m
yco
tin
a
are
su
ppo
rted
as
sister
su
bph
yla
th
ro
u
gh
o
u
t
th
e
m
ajo
rity
o
f
o
u
r
ph
ylo
gen
ies
(e.g.,
B
ayesian
su
perm
atrix
an
alysis,
F
ig.
4),
w
ith
h
igh
to
m
axim
u
m
su
ppo
rt.
B
o
th
o
f
th
ese
ph
ylu
m
-levelto
po
lo
gies
are
in
agreem
en
t
w
ith
Spatafo
ra
et
al.(2016),th
o
u
gh
th
eir
ph
ylo
gen
y
do
esn
o
tsu
ppo
rta
distin
ctive
m
o
n
o
ph
yletic
bran
ch
co
n
tain
in
g
bo
th
Z
o
o
pago
m
yco
ta
an
d
M
u
co
ro
m
yco
ta
(F
ig.
10C
).
T
h
e
m
ajo
rity
o
f
o
u
r
rem
ain
in
g
ph
ylo
gen
o
m
ic
an
alysis
all
sh
o
w
s
so
m
e
degree
o
f
su
ppo
rt
fo
r
bo
th
Z
o
o
pago
m
yco
ta
an
d
M
u
co
ro
m
yco
ta
in
relative
agreem
en
t
w
ith
Spatafo
ra
et
al.
(2016);
h
o
w
ever,
in
each
o
f
th
ese
ph
ylo
gen
ies
th
ere
is
so
m
e
co
n
flict
in
eith
er
su
bph
ylu
m
-level
to
po
lo
gy
o
r
lo
w
er
B
P
/P
P
su
ppo
rt
du
e
to
issu
es
o
f
taxo
n
sam
plin
g
o
r
lo
w
gen
e
tree
co
verage
in
o
u
r
dataset
(o
f
o
u
r
8110
so
u
rce
ph
ylo
gen
ies
fo
r
M
R
P
an
alysis
o
ver
3500
co
n
tain
7
taxa
o
r
less;
F
ig.
10).
W
ith
greater
sam
plin
g
o
fspecies
fro
m
th
ese
lin
eages,w
e
h
o
pe
to
see
m
o
re
co
n
sisten
t
su
ppo
rt
o
f
bo
th
th
e
Z
o
o
pago
m
yco
ta
an
d
M
u
co
ro
m
yco
ta
in
fu
tu
re
gen
o
m
e
ph
ylo
gen
ies
u
sin
g
th
ese
m
eth
o
ds,
in
lin
e
w
ith
w
h
at
appears
to
be
m
o
derate-
to
-stro
n
g
su
ppo
rt
fo
r
th
e
n
ew
classificatio
n
in
o
u
r
an
alyses
based
o
n
to
tal
eviden
ce
(K
lu
ge,
1989).
3.3
Pezizom
ycotina
as
a
Benchm
ark
for
Phylogenom
ic
M
ethodologies
T
h
e
P
ezizo
m
yco
tin
a
are
b
y
far
th
e
m
o
st
sam
p
led
su
b
p
h
ylu
m
w
ith
in
th
e
fu
n
-
gal
k
in
gd
o
m
in
term
s
o
f
gen
o
m
e
seq
u
en
cin
g
(375
P
ezizo
m
yco
tin
a
sp
ecies
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A
uthor's personal copy
h
ave
gen
o
m
ic
d
ata
availab
le
fro
m
M
yco
C
o
sm
as
o
f
M
ay
2
017).
R
eflectin
g
th
is,
22
P
ezizo
m
yco
tin
a
sp
ecies
rep
resen
tin
g
7
classes
are
p
resen
t
in
o
u
r
84-gen
o
m
e
d
ataset
(>
25%
o
f
o
u
r
fin
al
d
ataset).
A
s
a
w
ell-rep
resen
ted
clad
e
w
ith
in
o
u
r
d
ataset
at
b
o
th
th
e
su
b
p
h
ylu
m
an
d
in
d
ivid
u
al
class
level,
w
e
are
ab
le
to
see
h
o
w
m
u
ltip
le
p
h
ylo
gen
o
m
ic
an
alyses
co
n
d
u
cted
in
a
to
tal
evi-
d
en
ce
ap
p
ro
ach
(K
lu
ge,
19
89)
are
ab
le
to
reso
lve
a
sin
gle
clad
e
o
f
clo
sely
related
classes
co
n
tain
in
g
so
m
e
im
p
o
rtan
t
eco
lo
gical
an
d
p
ath
o
gen
ic
fu
n
gi.
In
every
p
h
ylo
gen
o
m
ic
reco
n
stru
ctio
n
,w
e
attem
p
ted
b
ar
average
co
n
sen
su
s
(A
V
)
p
h
ylo
gen
y,P
ezizo
m
yco
tin
a
w
ere
m
o
n
o
p
h
yletic
w
ith
m
axim
u
m
b
o
o
t-
strap
o
r
p
o
sterio
r
p
ro
b
ab
ility
b
ran
ch
su
p
p
o
rt,
an
d
every
class
w
ith
in
P
ezizo
m
yco
tin
a
is
m
o
n
o
p
h
yletic
w
ith
h
igh
o
r
m
axim
u
m
B
P
o
r
P
P
su
p
p
o
rt
(F
igs.3–
5
an
d
7–
9).T
h
ere
is
a
co
n
sisten
t
tren
d
w
ith
in
each
o
fth
ese
p
h
ylo
g-
en
ies
in
th
e
reso
lu
tio
n
o
f
relatio
n
sh
ip
s
b
etw
een
P
ezizo
m
ycetes
classes:
1
.
T
h
e
O
rb
ilio
m
ycetes
an
d
P
ezizo
m
ycetes
alw
ays
b
ran
ch
as
th
e
b
asalclasses
w
ith
in
P
ezizo
m
yco
tin
a
an
d
are
alw
ays
sister
tax
a
(F
igs.
3–
5
an
d
7–
9
).
2
.
T
h
e
relatio
n
sh
ip
b
etw
een
So
rd
ario
m
ycetes
an
d
L
eo
tio
m
ycetes
(w
ith
in
“So
rd
ario
m
yceta”
sen
su
Sch
o
ch
etal.,200
9)
is
alw
ays
p
resen
tan
d
is
fu
lly
su
p
p
o
rted
in
each
p
h
ylo
gen
y
(F
igs.
3–
5
an
d
7–
9
).
3
.
T
h
e
relatio
n
sh
ip
b
etw
een
D
o
th
id
eo
m
ycetes,
X
ylo
n
o
m
ycetes,
an
d
E
u
ro
tio
m
ycetes
(w
ith
in
“D
o
th
ideo
m
yceta”
sen
su
Sch
o
ch
et
al.,
2009)
is
alw
ayspresen
tan
d
isfu
lly
su
p
po
rted
in
each
ph
ylo
gen
y
(F
igs.3–
5
an
d
7–
9).
F
ig.
11
d
isp
lays
o
n
th
e
left
th
e
to
p
o
lo
gy
o
f
th
e
P
ezizo
m
yco
tin
a
classes
su
p
p
o
rted
u
n
d
er
M
L
su
p
erm
atrix
reco
n
stru
ctio
n
,
M
R
P
su
p
ertree
reco
n
-
stru
ctio
n
,
an
d
ST
-R
F
su
p
ertree
reco
n
stru
ctio
n
(F
igs.
3,
5
,
an
d
7
)
an
d
in
d
i-
cates
th
e
co
n
gru
en
ce
(o
r
o
th
erw
ise)
o
f
P
ezizo
m
yco
tin
a
u
n
d
er
every
p
h
ylo
gen
o
m
ic
an
alysis
w
e
attem
p
ted
(F
igs.
3–
9).
A
ll
m
eth
o
d
s
b
ar
A
V
are
h
igh
ly
co
n
gru
en
tin
th
eir
reso
lu
tio
n
o
fth
e
P
ezizo
m
yco
tin
a
su
b
p
h
ylu
m
,w
ith
p
lacem
en
t
o
f
th
e
X
ylo
n
o
m
ycetes
class
th
e
m
o
st
n
o
tab
le
variatio
n
.
E
ven
w
ith
in
th
e
h
igh
ly
ab
erran
t
A
V
p
h
ylo
gen
y,
sister
relatio
n
sh
ip
s
su
ch
as
th
o
se
b
etw
een
O
rb
ilio
m
ycetes
an
d
P
ezizo
m
ycetes
o
r
th
e
asso
ciatio
n
o
f
classes
w
ith
in
So
rd
ario
m
yceta
o
r
D
o
th
id
eo
m
yceta
can
still
b
e
o
b
served
,
th
o
u
gh
w
ith
lo
w
er
reso
lu
tio
n
an
d
su
p
p
o
rt
(F
ig.
6
).
T
h
ere
is
a
h
igh
d
egree
o
f
co
n
-
gru
en
ce
b
etw
een
o
u
r
gen
o
m
e
p
h
ylo
gen
ies
o
f
P
ezizo
m
yco
tin
a
(F
ig.
11
)
an
d
th
e
m
o
st
exten
sive
m
o
lecu
lar
p
h
ylo
gen
ies
o
f
P
ezizo
m
yco
tin
a
th
at
w
e
co
u
ld
fin
d
in
th
e
literatu
re
d
erived
fro
m
eith
er
sm
all
co
n
caten
ated
sets
o
r
w
h
o
le
gen
o
m
es
(M
ed
in
a
et
al.,
20
11;
Sp
atafo
ra
et
al.,
2006;
W
an
g
et
al.,
20
09).
T
h
e
relative
co
n
sisten
cy
o
f
o
u
r
an
alyses
bo
th
w
ith
each
o
th
er
an
d
w
ith
p
revio
u
s
literatu
re
su
ggests
th
at
th
e
reso
lu
tio
n
o
f
P
ezizo
m
yco
tin
a
co
u
ld
b
e
co
n
sidered
a
go
o
d
ben
ch
m
ark
fo
r
th
e
accu
racy
o
f
n
o
vel
o
r
existin
g
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D
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A
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p
h
ylo
gen
o
m
ic
m
eth
o
d
s
(e.g.,S
T
-R
F
an
alysis)
w
h
en
in
co
rp
o
rated
in
to
a
to
tal
eviden
ce
an
alysis,
as
th
e
su
bph
ylu
m
is
large
an
d
d
iverse
(th
e
10th
ed
itio
n
o
f
A
in
sw
o
rth
&
B
isby’s
D
ictio
n
ary
o
f
th
e
F
u
n
gi
estim
ates
clo
se
to
70,000
P
ezizo
m
ycetes
species)
bu
t
also
d
en
sely
sam
pled
in
gen
o
m
ic
term
s
an
d
co
n
-
tain
in
g
a
n
u
m
b
er
o
f
gen
o
m
es
o
f
referen
ce
qu
ality
(K
irk,
C
an
n
o
n
,
M
in
ter,
&
S
talpers,
2008).
3.4
The
U
se
ofPhylogenom
ics
M
ethods
in
FungalSystem
atics
P
h
ylo
gen
o
m
ic
an
alyses
w
ith
larger
d
atasets
acro
ss
a
w
id
er
sp
ectru
m
o
f
taxa
are
b
eco
m
in
g
m
o
re
an
d
m
o
re
co
m
p
u
tatio
n
ally
tractab
le
as
m
eth
o
d
s
o
f
id
en
tifyin
g
p
o
ten
tial
p
h
ylo
gen
etic
m
ark
ers
o
n
a
gen
o
m
e-w
id
e
scale
(e.g.,
id
en
tificatio
n
an
d
reco
n
stru
ctio
n
o
f
o
rth
o
lo
go
u
s
gen
e
p
h
ylo
gen
ies
in
su
p
ertree
an
alysis)
an
d
gen
o
m
e-scale
reco
n
stru
ctio
n
im
p
ro
ve.In
as
m
u
ch
as
th
e
m
ajo
rity
o
f
o
u
r
m
u
ltip
le
an
alyses
stro
n
gly
su
p
p
o
rt
th
e
m
ajo
r
p
h
yla
o
f
th
e
fu
n
gal
k
in
gd
o
m
,
w
e
can
also
treat
o
u
r
an
alyses
as
m
easu
res
o
f
th
e
accu
-
racy
o
f
each
o
f
th
ese
p
h
ylo
gen
o
m
ic
m
eth
o
d
s
in
th
e
reco
n
stru
ctio
n
o
f
large
d
atasets.
Su
p
erm
atrix
,
M
R
P
an
d
S
T
-R
F
su
p
ertree,
an
d
C
V
m
eth
o
d
reco
n
-
stru
ctio
n
sallap
p
ear
to
arrive
atrelatively
co
n
gru
en
tresu
ltsan
d
m
ay
b
e
u
sefu
l
fo
r
ap
p
ro
xim
atin
g
a
to
talevid
en
ce
style
ap
p
ro
ach
fo
r
p
h
ylo
gen
o
m
ic
an
alyses
o
f
fu
n
gi.Sim
p
lified
p
arsim
o
n
y
m
eth
o
d
s
lik
e
o
u
r
P
A
M
p
h
ylo
gen
y
o
r
b
ran
ch
len
gth
-b
ased
m
eth
o
d
s
lik
e
o
u
r
average
co
n
sen
su
s
p
h
ylo
gen
y
m
ay
b
e
u
sefu
l
fo
r
th
e
reco
n
stru
ctio
n
o
f
sm
aller
b
u
t
w
ell-rep
resen
ted
d
atasets
(fo
r
exam
p
le,
o
u
r
P
A
M
p
h
ylo
gen
y
d
o
es
reco
n
stru
ct
th
e
P
ezizo
m
yco
tin
a
w
ith
su
p
p
o
rt
an
d
to
p
o
lo
gy
clo
se
to
su
p
ertree
an
d
su
p
erm
atrix
p
h
ylo
gen
ies)
b
u
t
fo
r
p
h
ylu
m
o
r
k
in
gd
o
m
-w
id
e
an
alyses
issu
es
su
ch
as
lo
n
g-b
ran
ch
attractio
n
b
egin
to
em
erge
(B
ergsten
,
2
005
).
L
o
n
g-b
ran
ch
attractio
n
is
th
o
u
gh
t
to
b
e
an
issu
e
w
ith
M
R
P
reco
n
stru
ctio
n
as
w
ell,an
d
w
h
ile
itis
lik
ely
a
facto
r
in
th
e
w
eak
er
su
p
p
o
rts
in
so
m
e
o
f
th
e
an
cestral
b
ran
ch
es
in
o
u
r
M
R
P
p
h
ylo
gen
y
(fo
r
exam
p
le,
th
e
w
eak
su
p
p
o
rts
in
so
m
e
o
f
th
e
in
tern
al
b
ran
ch
es
gro
u
p
in
g
th
e
b
asalp
h
yla
to
geth
er),th
e
M
R
P
p
h
ylo
gen
y
seem
s
to
h
ave
b
een
relatively
im
m
u
n
e
to
th
e
to
p
o
lo
gical
effects
o
f
lo
n
g-b
ran
ch
attractio
n
th
at
are
very
ap
p
aren
t
in
o
u
r
b
ran
ch
len
gth
-d
ep
en
d
en
t
average
co
n
sen
su
s
m
eth
o
d
p
h
y-
lo
gen
y
(P
isan
i
&
W
ilk
in
so
n
,
200
2).
F
o
r
o
u
r
su
pertree
an
alyses,
w
e
id
en
tified
gro
u
ps
o
f
o
rth
o
lo
go
u
s
pro
tein
s
u
sin
g
a
sequ
en
tial
ran
d
o
m
B
L
A
ST
p
app
ro
ach
as
im
p
lem
en
ted
b
y
F
itzp
atrick
et
al.
(2006),
w
h
ere
a
ran
d
o
m
sequ
en
ce
fro
m
a
given
database
is
search
ed
again
st
th
at
en
tire
database,
an
d
th
en
th
e
seq
u
en
ce
an
d
its
h
o
m
o
lo
gs
(if
an
y)
are
rem
o
ved
an
d
th
e
datab
ase
refo
rm
atted
(F
itzpatrick
etal.,2006).O
verall,th
is
257
FungalPhylogenom
ic
M
ethodologies
A
uthor's personal copy
ad
h
o
c
ap
pro
ach
to
id
en
tifyin
g
o
rth
o
lo
gy
w
ith
in
o
u
rdatasetseem
sto
h
ave
been
su
fficien
tasa
firststep
to
gen
eratin
g
so
u
rce
gen
e
ph
ylo
gen
ies;h
o
w
ever,itm
ay
h
ave
h
ad
an
im
pact
do
w
n
stream
o
n
reso
lu
tio
n
o
fin
tern
alb
ran
ch
es
w
ith
in
o
u
r
M
R
P
an
alysis.It
is
p
o
ssible
th
at
a
ran
do
m
B
L
A
S
T
p
ap
pro
ach
is
to
o
co
n
serva-
tive,
in
th
at
th
e
o
rth
o
lo
go
u
s
fam
ilies
it
iden
tifies
are
m
issin
g
m
em
b
ers
o
r
th
at
tw
o
“separate”
o
rth
o
lo
go
u
s
fam
ilies
m
ay
in
fact
be
o
n
e
large
o
rth
o
lo
go
u
s
fam
ily.
O
th
er
establish
ed
m
eth
o
d
s
o
f
id
en
tifyin
g
o
rth
o
lo
go
u
s
fam
ilies,
su
ch
as
th
e
O
rth
o
M
C
L
p
ip
elin
e,
h
ave
b
een
u
sed
in
ph
ylo
gen
o
m
ic
an
alyses
an
d
can
b
e
tu
n
ed
fo
r
gran
u
larity
(i.e.,o
rth
o
lo
go
u
sclu
ster
size)w
h
ich
m
ay
p
ro
du
ce
b
ro
ad
er
so
u
rce
ph
ylo
gen
ies(L
i,Sto
eckert,&
R
o
o
s,2003).H
o
w
ever,th
e
large
SQ
L
-depen
den
t
co
m
pu
tatio
n
alo
verh
ead
req
u
ired
fo
r
th
e
cu
rren
t
im
p
lem
en
-
tatio
n
o
f
O
rth
o
M
C
L
w
as
n
o
t
co
n
sidered
su
itab
le
fo
r
an
an
alysis
o
f
th
is
scale.
M
o
st
o
fth
e
p
h
ylo
gen
o
m
ic
m
eth
o
d
s
w
e
attem
p
ted
are
relatively
tractab
le
even
fo
r
a
d
ataset
as
large
as
o
u
rs.
D
ep
en
d
in
g
o
n
co
m
p
u
tatio
n
al
reso
u
rces
an
d
availab
le
d
ata,
so
m
e
o
f
th
e
m
eth
o
d
s
w
e
h
ave
d
iscu
ssed
m
ay
b
e
m
o
re
ap
p
ro
p
riate
fo
r
fu
tu
re
fu
n
gal
p
h
ylo
gen
o
m
ic
an
alyses
th
an
o
th
ers.
T
h
e
m
o
st
co
m
m
o
n
tech
n
iq
u
es
lik
e
M
R
P
an
alysis
an
d
b
o
th
M
L
an
d
B
ayesian
su
p
er-
m
atrix
an
alysis
w
ere
b
o
th
tractab
le
an
d
p
ro
d
u
ced
p
h
ylo
gen
ies
w
ith
largely
co
n
gru
en
t
to
p
o
lo
gies
an
d
su
p
p
o
rts
o
n
m
o
st
b
ran
ch
es
(alth
o
u
gh
w
e
sh
o
u
ld
n
o
te
th
at
w
e
u
tilized
th
e
p
arallelized
versio
n
o
fP
h
ylo
B
ayes
fo
r
o
u
r
B
ayesian
an
alysis).
T
h
e
h
eu
ristic
M
C
M
C
B
ayesian
su
p
ertree
reco
n
stru
ctio
n
w
e
attem
p
ted
u
sin
g
th
e
ST
-R
F
m
o
d
elas
im
p
lem
en
ted
in
p
4
w
as
also
relatively
tractab
le
d
esp
ite
n
o
tb
ein
g
p
arallelized
,an
d
A
k
an
n
ietal.(20
15)
n
o
te
th
atth
e
m
eth
o
d
is
far
m
o
re
efficien
t
th
an
th
e
ap
p
ro
xim
ate
M
L
reco
n
stru
ctio
n
im
p
lem
en
ted
in
L
.U
.St.
(A
k
an
n
i
et
al.,
2
015).
H
o
w
ever,
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rázek
,
J.,
&
K
arlin
,
S
.
(19
9
9
).
G
en
o
m
e
sign
atu
re
co
m
p
ariso
n
s
am
o
n
g
p
ro
k
aryo
te,
p
lasm
id
,
an
d
m
ito
ch
o
n
d
rial
D
N
A
.
P
roceedings
of
the
N
ational
A
cadem
y
of
S
ciences
of
the
U
nited
S
tates
of
A
m
erica,
9
6
(1
6
),
9
1
84–
9189.
h
ttp
s://d
o
i.o
rg/10.1073/
p
n
as.9
6
.1
6
.9
1
8
4
.
C
astresan
a,
J.(2
0
0
0
).S
electio
n
o
f
co
n
served
b
lo
ck
s
fro
m
m
u
ltip
le
align
m
en
ts
fo
r
th
eir
u
se
in
p
h
ylo
gen
etic
an
alysis.
M
olecular
B
iology
and
E
volution,
1
7
(4),
540–
552.
h
ttp
s://d
o
i.o
rg/
1
0.1
0
9
3
/o
x
fo
rd
jo
u
rn
als.m
o
lb
ev.a0
2
6
33
4
.
C
avalier-S
m
ith
,T
.(1
9
9
8
).A
revised
six
-k
in
gd
o
m
system
o
flife.B
iological R
eview
s
ofthe
C
am
-
bridge
P
hilosophical
S
ociety,
7
3
(3),
2
0
3–
2
6
6
.
C
h
an
g,
Y
.,
W
an
g,
S
.,
Sek
im
o
to
,
S
.,
A
erts,
A
.
L
.,
C
h
o
i,
C
.,
C
lu
m
,
A
.,
et
al.
(2015).
P
h
ylo
gen
o
m
ic
an
alyses
in
d
icate
th
at
early
fu
n
gi
evo
lved
d
igestin
g
cell
w
alls
o
f
algal
an
cesto
rs
o
f
lan
d
p
lan
ts.
G
enom
e
B
iology
and
E
volution,
7
(6),
1590–
1601.
h
ttp
s://d
o
i.
o
rg/1
0
.10
9
3
/gb
e/evv0
9
0
.
C
reevey,
C
.
J.,
F
itzp
atrick
,
D
.
A
.,
P
h
ilip
,
G
.
K
.,
K
in
sella,
R
.
J.,
O
’C
o
n
n
ell,
M
.
J.,
P
en
to
n
y,
M
.
M
.,
et
al.
(2
0
04
).
D
o
es
a
tree-lik
e
p
h
ylo
gen
y
o
n
ly
exist
at
th
e
tip
s
in
th
e
p
ro
k
aryo
tes?
P
roceedings
B
iological
S
ciences/T
he
R
oyal
S
ociety,
2
7
1
(1557),
2551–
2558.
h
ttp
s://d
o
i.o
rg/1
0
.1
0
98
/rsp
b
.2
0
04
.2
8
6
4
.
C
reevey,
C
.
J.,
&
M
cIn
ern
ey,
J.
O
.
(2
0
0
5).
C
lan
n
:
In
vestigatin
g
p
h
ylo
gen
etic
in
fo
rm
atio
n
th
ro
u
gh
su
p
ertree
an
alyses.
B
ioinform
atics,
2
1
(3
),
3
90–
392.
h
ttp
s://d
o
i.o
rg/10.1093/
b
io
in
fo
rm
atics/b
ti02
0
.
C
reevey,
C
.
J.,
&
M
cIn
ern
ey,
J.
O
.
(2
00
9
).
T
rees
fro
m
trees:
C
o
n
stru
ctio
n
o
f
p
h
ylo
gen
etic
su
p
ertrees
u
sin
g
C
L
A
N
N
.
M
ethods
in
M
olecular
B
iology,
5
3
7
,
139–
161.
h
ttp
s://d
o
i.o
rg/
1
0
.1
0
0
7
/9
7
8-1
-5
9
7
4
5-2
5
1
-9
_
7
.
C
u
o
m
o
,
C
.
A
.,
&
B
irren
,
B
.
W
.
(2
0
1
0).
T
h
e
fu
n
gal
gen
o
m
e
in
itiative
an
d
lesso
n
s
learn
ed
fro
m
gen
o
m
e
seq
u
en
cin
g.
M
ethods
in
E
nz
ym
ology,
4
7
0
(C
),
833–
855.
h
ttp
s://d
o
i.o
rg/
1
0.1
0
1
6
/S
0
07
6
-6
8
7
9
(1
0
)7
0
03
4
-3
.
D
arrib
a,
D
.,
T
ab
o
ad
a,
G
.
L
.,
D
o
allo
,
R
.,
&
P
o
sad
a,
D
.
(2011).
P
ro
tT
est
3:
F
ast
selectio
n
o
f
b
est-fit
m
o
d
els
o
f
p
ro
tein
evo
lu
tio
n
.
B
ioinform
atics,
2
7
(8),
1164–
1165.
h
ttp
s://d
o
i.o
rg/
1
0
.1
09
3
/b
io
in
fo
rm
atics/b
tr08
8
.
D
e
B
arro
s
L
o
p
es,M
.,B
ello
n
,J.R
.,S
h
irley,N
.J.,&
G
an
ter,P
.F
.(2002).E
vid
en
ce
fo
r
m
u
l-
tip
le
in
tersp
ecific
h
yb
rid
izatio
n
in
S
acch
aro
m
yces
sen
su
stricto
sp
ecies.
F
E
M
S
Y
east
R
esearch,
1
(4
),
3
2
3–
3
31
.
h
ttp
s://d
o
i.o
rg/1
0.1
0
1
6
/S1
567-1356(01)00051-4
.
D
elsu
c,F
.,B
rin
k
m
an
n
,H
.,&
P
h
ilip
p
e,H
.(2
0
0
5).P
h
ylo
gen
o
m
ics
an
d
th
e
reco
n
stru
ctio
n
o
f
th
e
tree
o
flife.N
ature
R
eview
s
G
enetics,6
(5
),36
1–
3
75
.h
ttp
s://d
o
i.o
rg/10.1038/n
rg1603
.
d
e
Q
u
eiro
z,A
.,&
G
atesy,J.(2
0
07
).T
h
e
su
p
erm
atrix
ap
p
ro
ach
to
system
atics.T
rends
in
E
col-
ogy
and
E
volution,
2
2
(1
),
3
4–
4
1
.
h
ttp
s://d
o
i.o
rg/1
0.1
016/j.tree.2006.10.002
.
E
d
gar,
R
.
C
.
(2
0
0
4
).
M
U
S
C
L
E
:
M
u
ltip
le
seq
u
en
ce
align
m
en
t
w
ith
h
igh
accu
racy
an
d
h
igh
th
ro
u
gh
p
u
t.
N
ucleic
A
cids
R
esearch,
3
2
(5),
17
9
2–
1
797.
h
ttp
s://d
o
i.o
rg/10.1093/n
ar/
gk
h
3
4
0.
261
FungalPhylogenom
ic
M
ethodologies
A
uthor's personal copy
E
n
gel,
S.
R
.,
D
ietrich
,
F
.
S.,
F
isk
,
D
.
G
.,
B
in
k
ley,
G
.,
B
alak
rish
n
an
,
R
.,
C
o
stan
zo
,
M
.
C
.,
et
al.
(2014).
T
h
e
referen
ce
gen
o
m
e
seq
u
en
ce
o
f
Sacch
aro
m
yces
cerevisiae:
T
h
en
an
d
n
o
w
.
G
3
(B
ethesda),
4
(3),
389–
398.
h
ttp
s://d
o
i.o
rg/10.1534/g3.113.008995
.
F
aith
,
D
.
P
.,
&
C
ran
sto
n
,
P
.
S.
(1991).
C
o
u
ld
a
clad
o
gram
th
is
sh
o
rt
h
ave
arisen
b
y
ch
an
ce
alo
n
e?
O
n
p
erm
u
tatio
n
tests
fo
r
clad
istic
stru
ctu
re.C
ladistics,7
(1),1–
28.h
ttp
s://d
o
i.o
rg/
10.1111/j.1096-0031.1991.tb
00020.x
.
F
ed
erh
en
,
S.
(2012).
T
h
e
N
C
B
I
taxo
n
o
m
y
d
atab
ase.
N
ucleic
A
cids
R
esearch,
4
0
(D
1),
D
136–
D
143.
h
ttp
s://d
o
i.o
rg/10.1093/n
ar/gk
r1178
.
F
elsen
stein
,
J.
(1978).
C
ases
in
w
h
ich
p
arsim
o
n
y
o
r
co
m
p
atib
ility
m
eth
o
d
s
w
illb
e
p
o
sitively
m
islead
in
g.
S
ystem
atic
Z
oology,
2
7
(4),
401.
h
ttp
s://d
o
i.o
rg/10.2307/2412923
.
F
elsen
stein
,
J.
(1989).
P
H
Y
L
IP
—
P
h
ylo
gen
y
in
feren
ce
p
ack
age—
v3.2.
C
ladistics,
5
(2),
164–
166.
h
ttp
s://d
o
i.o
rg/10.1111/j.1096-0031.1989.tb
00562.x
.
F
isk
,D
.G
.,B
all,C
.A
.,D
o
lin
sk
i,K
.,E
n
gel,S.R
.,H
o
n
g,E
.L
.,Issel-T
arver,L
.,et
al.(2006).
Sacch
aro
m
yces
cerevisiae
S288C
gen
o
m
e
an
n
o
tatio
n
:
A
w
o
rk
in
g
h
yp
o
th
esis.
Y
east,
2
3
(12),
857–
865.
h
ttp
s://d
o
i.o
rg/10.1002/yea.1400
.
F
itzp
atrick
,D
.A
.,L
o
gu
e,M
.E
.,&
B
u
tler,G
.(2008).E
vid
en
ce
o
frecen
t
in
terk
in
gd
o
m
h
o
r-
izo
n
tal
gen
e
tran
sfer
b
etw
een
b
acteria
an
d
C
an
d
id
a
p
arap
silo
sis.
B
M
C
E
volutionary
B
iol-
ogy,
8
(1),
181.
h
ttp
s://d
o
i.o
rg/10.1186/1471-2148-8-181
.
F
itzp
atrick
,D
.A
.,L
o
gu
e,M
.E
.,Stajich
,J.E
.,&
B
u
tler,G
.(2006).A
fu
n
galp
h
ylo
gen
y
b
ased
o
n
42
co
m
p
lete
gen
o
m
es
d
erived
fro
m
su
p
ertree
an
d
co
m
b
in
ed
gen
e
an
alysis.B
M
C
E
vo-
lutionary
B
iology,
6
(1),
99.
h
ttp
s://d
o
i.o
rg/10.1186/1471-2148-6-99
.
F
itzp
atrick
, D
.A
.,O
’G
ao
ra,P
.,B
yrn
e,K
.P
.,&
B
u
tler,G
.(2010).A
n
alysis
o
fgen
e
evo
lu
tio
n
an
d
m
etab
o
lic
p
ath
w
ays
u
sin
g
th
e
C
an
d
id
a
G
en
e
O
rd
er
B
ro
w
ser.B
M
C
G
enom
ics,1
1
(1),
290.
h
ttp
s://d
o
i.o
rg/10.1186/1471-2164-11-290
.
F
o
ster,
P
.
G
.
(2004).
M
o
d
elin
g
co
m
p
o
sitio
n
al
h
etero
gen
eity.
S
ystem
atic
B
iology,
5
3
(3),
485–
495.
h
ttp
s://d
o
i.o
rg/10.1080/10635150490445779
.
G
alagan
,
J.
E
.,
C
alvo
,
S.
E
.,
B
o
rk
o
vich
,
K
.
A
.,
Selk
er,
E
.
U
.,
R
ead
,
N
.
D
.,
Jaffe,
D
.,
et
al.
(2003).
T
h
e
gen
o
m
e
seq
u
en
ce
o
f
th
e
filam
en
to
u
s
fu
n
gu
s
N
eu
ro
sp
o
ra
crassa.
N
ature,
4
2
2
(6934),
859–
868.
h
ttp
s://d
o
i.o
rg/10.1038/n
atu
re01554
.
G
alagan
,
J.
E
.,
C
alvo
,
S.
E
.,
C
u
o
m
o
,
C
.,
M
a,
L
.-J.,
W
o
rtm
an
,
J.
R
.,
B
atzo
glo
u
,
S.,
et
al.
(2005
).
Seq
u
en
cin
g
o
f
A
sp
ergillu
s
n
id
u
lan
s
an
d
co
m
p
arative
an
alysis
w
ith
A
.
fu
m
igatu
s
an
d
A
.
o
ryzae.
N
ature,
4
3
8
(7071),
1105–
1115.
h
ttp
s://d
o
i.o
rg/10.1038/n
atu
re04341
.
G
alagan
, J.E
.,H
en
n
,M
.R
.,M
a,L
.J.,C
u
o
m
o
,C
.A
.,&
B
irren
,B
.(2005).G
en
o
m
ics
o
fth
e
fu
n
galk
in
gd
o
m
:
In
sigh
ts
in
to
eu
k
aryo
tic
b
io
lo
gy.
G
enom
e
R
esearch,
1
5
(12),
1620–
1631.
h
ttp
s://d
o
i.o
rg/10.1101/gr.3767105
.
G
o
ffeau
,A
.,B
arrell,B
.G
.,B
u
ssey,H
.,D
avis,R
.W
.,D
u
jo
n
,B
.,F
eld
m
an
n
,H
.,etal.(1996).
L
ife
w
ith
6000
gen
es.
S
cience,
2
7
4
(5287),
546–
567.
h
ttp
s://d
o
i.o
rg/10.1126/scien
ce.
274.5287.546
.
G
o
ffeau
,A
.,&
V
assaro
tti,A
.(1991).T
h
e
E
u
ro
p
ean
p
ro
jectfo
r
seq
u
en
cin
g
th
e
yeastgen
o
m
e.
R
esearch
in
M
icrobiology,
1
4
2
(7–
8),
901–
903.
h
ttp
s://d
o
i.o
rg/10.1016/0923-2508(91)
90071-H
.
G
rigo
riev,
I.
V
.,
C
u
llen
,
D
.,
G
o
o
d
w
in
,
S.
B
.,
H
ib
b
ett,
D
.,
Jeffries,
T
.
W
.,
K
u
b
icek
,
C
.
P
.,
et
al.
(2011).
F
u
elin
g
th
e
fu
tu
re
w
ith
fu
n
galgen
o
m
ics.
M
ycology,
2
(3),
192–
209.
h
ttp
s://
d
o
i.o
rg/10.1080/21501203.2011.584577
.
G
rigo
riev,
I.
V
.,
N
ik
itin
,
R
.,
H
arid
as,
S.,
K
u
o
,
A
.,
O
h
m
,
R
.,
O
tillar,
R
.,
et
al.
(2014).
M
yco
C
o
sm
p
o
rtal:
G
earin
g
u
p
fo
r
1000
fu
n
gal
gen
o
m
es.
N
ucleic
A
cids
R
esearch,
4
2
(D
1),
D
699–
704.
h
ttp
s://d
o
i.o
rg/10.1093/n
ar/gk
t1183
.
G
rigo
riev,
I.
V
.,
N
o
rd
b
erg,
H
.,
Sh
ab
alo
v,
I.,
A
erts,
A
.,
C
an
to
r,
M
.,
G
o
o
d
stein
,
D
.,
et
al.
(2011).
T
h
e
gen
o
m
e
p
o
rtal
o
f
th
e
d
ep
artm
en
t
o
f
en
ergy
jo
in
t
gen
o
m
e
in
stitu
te.
N
ucleic
A
cids
R
esearch,
4
0
(D
1),
1–
7.
h
ttp
s://d
o
i.o
rg/10.1093/n
ar/gk
r947
.
G
u
arro
,
J.,
G
en!e,
J.,
&
Stch
igel,
A
.
M
.
(1999).
D
evelo
p
m
en
ts
in
fu
n
gal
taxo
n
o
m
y.
C
linical
M
icrobiology
R
eview
s,
1
2
(3),
454–
500.
h
ttp
s://d
o
i.o
rg/0893-8512/99/$
04.00?0
.
262
Charley
G
.P.M
cCarthy
and
D
avid
A.Fitzpatrick
A
uthor's personal copy
G
u
in
d
o
n
,S
.,D
u
fayard
,J.-F
.,L
efo
rt,V
.,A
n
isim
o
va,M
.,H
o
rd
ijk
,W
.,&
G
ascu
el,O
.(2010).
N
ew
algo
rith
m
s
an
d
m
eth
o
d
s
to
estim
ate
m
ax
im
u
m
-lik
elih
o
o
d
p
h
ylo
gen
ies:
A
ssessin
g
th
e
p
erfo
rm
an
ce
o
f
P
h
yM
L
3
.0
.
S
ystem
atic
B
iology,
5
9
(3),
307–
321.
h
ttp
s://d
o
i.o
rg/
1
0
.1
0
9
3/sysb
io
/syq
0
1
0
.
H
all,C
.,&
D
ietrich
,F
.S
.(2
0
0
7
).T
h
e
reacq
u
isitio
n
o
f
b
io
tin
p
ro
to
tro
p
h
y
in
Sacch
aro
m
yces
cerevisiae
in
vo
lved
h
o
rizo
n
tal
gen
e
tran
sfer,
gen
e
d
u
p
licatio
n
an
d
gen
e
clu
sterin
g.
G
enetics,
1
7
7
(4
),
2
2
9
3–
23
0
7
.
h
ttp
s://d
o
i.o
rg/1
0.1
5
3
4/gen
etics.107.074963
.
H
aw
k
sw
o
rth
,
D
.
L
.
(2
0
0
1
).
T
h
e
m
agn
itu
d
e
o
f
fu
n
gal
d
iversity:
T
h
e
1.5
m
illio
n
sp
ecies
esti-
m
ate
revisited
.
M
ycological
R
esearch,
1
0
5
(1
2
),
1
4
22–
1432.
h
ttp
s://d
o
i.o
rg/10.1017/
S
0
9
53
7
5
6
2
01
0
0
4
7
2
5
.
H
eath
, I.B
.(1
9
8
0
).V
arian
t
m
ito
ses
in
lo
w
er
eu
k
aryo
tes:In
d
icato
rs
o
fth
e
evo
lu
tio
n
o
fm
ito
-
sis?
International
R
eview
of
C
ytology,
6
4
(C
),
1–
8
0
.
h
ttp
s://d
o
i.o
rg/10.1016/S0074-7696(
0
8)6
0
2
3
5
-1
.
H
ib
b
ett,
D
.
S
.,
B
in
d
er,
M
.,
B
isch
o
ff,
J.
F
.,
B
lack
w
ell,
M
.,
C
an
n
o
n
,
P
.
F
.,
E
rik
sso
n
,
O
.
E
.,
et
al.
(20
0
7
).
A
h
igh
er-level
p
h
ylo
gen
etic
classificatio
n
o
f
th
e
fu
n
gi.
M
ycologicalR
esearch,
1
1
1
(5
),
5
09–
5
47
.
h
ttp
s://d
o
i.o
rg/10
.1
0
1
6/j.m
ycres.2007.03.004
.
H
o
ffm
an
n
,K
.,V
o
igt,K
.,&
K
irk
,P
.M
.(2
0
1
1
).M
o
rtierello
m
yco
tin
a
su
b
p
h
yl.n
o
v.,b
ased
o
n
m
u
lti-gen
e
gen
ealo
gies.M
ycotaxon,1
1
5
(1
),3
5
3–
3
6
3
.h
ttp
s://d
o
i.o
rg/10.5248/115.353
.
H
o
lley,R
.W
.,A
p
gar,J.,E
verett,G
.A
.,M
ad
iso
n
,J.T
.,M
arq
u
isee,M
.,M
errill,S.H
.,et
al.
(1
9
6
5
).Stru
ctu
re
o
fa
rib
o
n
u
cleic
acid
.S
cience
(N
ew
Y
ork,
N
.Y
.),1
4
7
(3664),1462–
1465.
h
ttp
s://d
o
i.o
rg/1
0.1
1
2
6
/scien
ce.1
4
7
.3
6
6
4
.1
4
6
2
.
H
o
lto
n
,
T
.
A
.,
&
P
isan
i,
D
.
(2
0
10
).
D
eep
gen
o
m
ic-scale
an
alyses
o
f
th
e
m
etazo
a
reject
co
e-
lo
m
ata:E
vid
en
ce
fro
m
sin
gle-an
d
m
u
ltigen
e
fam
ilies
an
alyzed
u
n
d
er
a
su
p
ertree
an
d
su
p
-
erm
atrix
p
arad
igm
.
G
enom
e
B
iology
and
E
volution,
2
(1),
310–
324.
h
ttp
s://d
o
i.o
rg/10.
10
9
3
/gb
e/evq
01
6
.
H
u
elsen
b
eck
, J.P
.,&
H
illis,D
.M
.(1
9
93
).S
u
ccess
o
fp
h
ylo
gen
etic
m
eth
o
d
s
in
th
e
fo
u
r
taxo
n
case.
S
ystem
atic
B
iology,
4
2
(3
),
2
4
7–
2
6
4
.
h
ttp
s://d
o
i.o
rg/10.1093/sysb
io
/42.3.247
.
H
u
elsen
b
eck
,J.P
.,R
o
n
q
u
ist,F
.,N
ielsen
,R
.,&
B
o
llb
ack
,J.P
.(2001).B
ayesian
in
feren
ce
o
f
p
h
ylo
gen
y
an
d
its
im
p
act
o
n
evo
lu
tio
n
ary
b
io
lo
gy.
S
cience,
2
9
4
(5550),
2310–
2314.
h
ttp
s://d
o
i.o
rg/1
0
.1
1
2
6
/scien
ce.1
0
65
8
8
9
.
Jack
so
n
,
A
.
P
.,
G
am
b
le,
J.
A
.,
Y
eo
m
an
s,
T
.,
M
o
ran
,
G
.
P
.,
Sau
n
d
ers,
D
.,
H
arris,
D
.,
et
al.
(2
00
9
).
C
o
m
p
arative
gen
o
m
ics
o
f
th
e
fu
n
gal
p
ath
o
gen
s
C
an
d
id
a
d
u
b
lin
ien
sis
an
d
C
an
d
id
a
alb
ican
s.
G
enom
e
R
esearch,
1
9
(1
2
),
2
2
31–
2244.
h
ttp
s://d
o
i.o
rg/10.1101/gr.
0
9
7
50
1
.1
0
9
.
Jam
es,
T
.
Y
.,
K
au
ff,
F
.,
S
ch
o
ch
,
C
.
L
.,
M
ath
en
y,
P
.
B
.,
H
o
fstetter,
V
.,
C
o
x,
C
.
J.,
et
al.
(2
0
0
6
).
R
eco
n
stru
ctin
g
th
e
early
evo
lu
tio
n
o
f
fu
n
gi
u
sin
g
a
six-gen
e
p
h
ylo
gen
y.
N
ature,
4
4
3
(7
1
1
3
),
8
1
8–
82
2
.
h
ttp
s://d
o
i.o
rg/1
0
.1
03
8/n
atu
re05110
.
Jo
n
es,
M
.
D
.
M
.,
F
o
rn
,
I.,
G
ad
elh
a,
C
.,
E
gan
,
M
.
J.,
B
ass,
D
.,
M
assan
a,
R
.,
et
al.
(2011).
D
isco
very
o
f
n
o
vel
in
term
ed
iate
fo
rm
s
red
efin
es
th
e
fu
n
gal
tree
o
f
life.
N
ature,
4
7
4
(7
3
5
0
),
2
0
0–
2
0
3
.
h
ttp
s://d
o
i.o
rg/1
0
.1
0
3
8/n
atu
re09984
.
Jo
n
es,
M
.
D
.
M
.,
R
ich
ard
s,
T
.
A
.,
H
aw
k
sw
o
rth
,
D
.
L
.,
&
B
ass,
D
.
(2011).
V
alid
atio
n
an
d
ju
stificatio
n
o
f
th
e
p
h
ylu
m
n
am
e
C
ryp
to
m
yco
ta
p
h
yl.
n
o
v.
IM
A
F
ungus,
2
(2),
1
7
3–
17
5
.
h
ttp
s://d
o
i.o
rg/1
0
.5
5
9
8
/im
afu
n
gu
s.2
0
1
1
.0
2.02.08
.
K
eller,
N
.
P
.,
T
u
rn
er,
G
.,
&
B
en
n
ett,
J.
W
.
(20
0
5
).
F
u
n
gal
seco
n
d
ary
m
etab
o
lism
—
F
ro
m
b
io
ch
em
istry
to
gen
o
m
ics.
N
ature
R
eview
s
M
icrobiology,
3
(12),
937–
947.
h
ttp
s://d
o
i.
o
rg/10
.1
0
3
8
/n
rm
icro
1
2
8
6
.
K
ellis,
M
.,
B
irren
,
B
.
W
.,
&
L
an
d
er,
E
.
S
.
(2
00
4
).
P
ro
o
f
an
d
evo
lu
tio
n
ary
an
alysis
o
f
an
cien
t
gen
o
m
e
d
u
p
licatio
n
in
th
e
yeast
S
acch
aro
m
yces
cerevisiae.
N
ature,
4
2
8
(V
N
-(6983)),
6
1
7–
6
2
4
.
h
ttp
s://d
o
i.o
rg/1
0.1
0
3
8
/n
atu
re0
2
4
2
4
.
K
h
ald
i,
N
.,
S
eifu
d
d
in
,
F
.
T
.,
T
u
rn
er,
G
.,
H
aft,
D
.,
N
ierm
an
,
W
.
C
.,
W
o
lfe,
K
.
H
.,
et
al.
(2
0
1
0
).
SM
U
R
F
:
G
en
o
m
ic
m
ap
p
in
g
o
f
fu
n
gal
seco
n
d
ary
m
etab
o
lite
clu
sters.
F
ungal
G
enetics
and
B
iology,
4
7
(9),
7
36–
7
4
1
.
h
ttp
s://d
o
i.o
rg/10.1016/j.fgb
.2010.06.003
.
263
FungalPhylogenom
ic
M
ethodologies
A
uthor's personal copy
K
irk
,
P
.
M
.,
C
an
n
o
n
,
P
.
F
.,
M
in
ter,
D
.
W
.,
&
Stalp
ers,
J.
A
.
(2008).
A
insw
orth
&
B
isby’s
dic-
tionary
of
the
fungi
(10th
ed
.).
W
allin
gfo
rd
,
U
K
:
C
A
B
I.
K
lu
ge,
A
.
G
.
(1989).
A
co
n
cern
fo
r
evid
en
ce
an
d
a
p
h
ylo
gen
etic
h
yp
o
th
esis
o
f
relatio
n
sh
ip
s
am
o
n
g
ep
icrates
(B
o
id
ae,
serp
en
tes).
S
ystem
atic
B
iology,
3
8
(1),
7–
25.
h
ttp
s://d
o
i.o
rg/10.
1093/sysb
io
/38.1.7
.
K
o
o
n
in
,
E
.
V
.,
F
ed
o
ro
va,
N
.
D
.,
Jack
so
n
,
J.
D
.,
Jaco
b
s,
A
.
R
.,
K
rylo
v,
D
.
M
.,
M
ak
aro
va,
K
.
S.,
et
al.
(2004).
A
co
m
p
reh
en
sive
evo
lu
tio
n
ary
classificatio
n
o
f
p
ro
tein
s
en
co
d
ed
in
co
m
p
lete
eu
k
aryo
tic
gen
o
m
es.G
enom
e
B
iology,5
(2),R
7.h
ttp
s://d
o
i.o
rg/10.
1186/gb
-2004-5-2-r7
.
K
€u
ck
,
P
.,
&
M
eu
sem
an
n
,
K
.
(2010).
F
A
Sco
n
C
A
T
:
C
o
n
ven
ien
t
h
an
d
lin
g
o
f
d
ata
m
atrices.
M
olecular
P
hylogenetics
and
E
volution,
5
6
(3),
1115–
1118.
h
ttp
s://d
o
i.o
rg/10.1016/j.
ym
p
ev.2010.04.024
.
K
u
ram
ae,
E
.
E
.,
R
o
b
ert,
V
.,
Sn
el,
B
.,
W
eiß
,
M
.,
&
B
o
ek
h
o
u
t,
T
.
(2006).
P
h
ylo
gen
o
m
ics
reveal
a
ro
b
u
st
fu
n
gal
tree
o
f
life.
F
E
M
S
Y
east
R
esearch,
6
(8),
1213–
1220.
h
ttp
s://d
o
i.
o
rg/10.1111/j.1567-1364.2006.00119.x
.
L
ap
o
in
te,
F
.-J.,
&
C
u
cu
m
el,
G
.
(1997).
T
h
e
average
co
n
sen
su
s
p
ro
ced
u
re:
C
o
m
b
in
atio
n
o
f
w
eigh
ted
trees
co
n
tain
in
g
id
en
tical
o
r
o
verlap
p
in
g
sets
o
f
taxa.
S
ystem
atic
B
iology,
4
6
(2),
306–
3
12.
h
ttp
s://d
o
i.o
rg/10.1093/sysb
io
/46.2.306
.
L
artillo
t,
N
.,
B
rin
k
m
an
n
,
H
.,
&
P
h
ilip
p
e,
H
.
(2007).
Su
p
p
ressio
n
o
f
lo
n
g-b
ran
ch
attractio
n
artefacts
in
th
e
an
im
al
p
h
ylo
gen
y
u
sin
g
a
site-h
etero
gen
eo
u
s
m
o
d
el.
B
M
C
E
volutionary
B
iology,
7
(Su
p
p
l.
1),
S4.
h
ttp
s://d
o
i.o
rg/10.1186/1471-2148-7-S1-S4
.
L
artillo
t, N
.,&
P
h
ilip
p
e,H
.(2004).A
B
ayesian
m
ixtu
re
m
o
d
elfo
r
acro
ss-site
h
etero
gen
eities
in
th
e
am
in
o
-acid
rep
lacem
en
t
p
ro
cess.
M
olecular
B
iology
and
E
volution,
2
1
(6),
1095–
1109.
h
ttp
s://d
o
i.o
rg/10.1093/m
o
lb
ev/m
sh
112
.
L
artillo
t,
N
.,
R
o
d
rigu
e,
N
.,
Stu
b
b
s,
D
.,
&
R
ich
er,
J.(2013).
P
h
ylo
B
ayes
M
P
I:
P
h
ylo
gen
etic
reco
n
stru
ctio
n
w
ith
in
fin
ite
m
ixtu
reso
fp
ro
filesin
a
p
arallelen
viro
n
m
en
t.S
ystem
aticB
iol-
ogy,
6
2
(4),
611–
615.
h
ttp
s://d
o
i.o
rg/10.1093/sysb
io
/syt022
.
L!ejo
h
n
,
H
.
B
.
(1974).
B
iochem
ical
param
eters
offungalphylogenetics.
In
T
.
D
obz
hansky,
M
.
K
.
-
H
echt,
&
W
.
C
.
S
teere
(E
ds.),
E
volutionary
biology
(p
p
.
79–
125).
B
o
sto
n
,
M
A
:
Sp
rin
ger.
https://doi.org/1
0
.1
0
0
7
/9
7
8
-1
-4
6
1
5
-6
9
4
4
-2
_
3
.
L
etu
n
ic,I.,&
B
o
rk
,P
.(2016).In
teractive
tree
o
flife
(iT
O
L
)v3:A
n
o
n
lin
e
to
o
lfo
r
th
e
d
isp
lay
an
d
an
n
o
tatio
n
o
f
p
h
ylo
gen
etic
an
d
o
th
er
trees.
N
ucleic
A
cids
R
esearch,
4
4
(W
1),
W
242–
W
245.
h
ttp
s://d
o
i.o
rg/10.1093/n
ar/gk
w
290
.
L
i,L
.,
Sto
eck
ert,
C
.
J.,
&
R
o
o
s,
D
.
S.
(2003).
O
rth
o
M
C
L
:
Id
en
tificatio
n
o
f
o
rth
o
lo
g
gro
u
p
s
fo
r
eu
k
aryo
tic
gen
o
m
es.
G
enom
e
R
esearch,
1
3
(9),
2178–
2189.
h
ttp
s://d
o
i.o
rg/10.1101/
gr.1224503
.
L
in
,
J.,
&
G
erstein
,
M
.
(2000).
W
h
o
le-gen
o
m
e
trees
b
ased
o
n
th
e
o
ccu
rren
ce
o
f
fo
ld
s
an
d
o
rth
o
lo
gs:
Im
p
licatio
n
s
fo
r
co
m
p
arin
g
gen
o
m
es
o
n
d
ifferen
t
levels.
G
enom
e
R
esearch,
1
0
(6),
808–
818.
h
ttp
s://d
o
i.o
rg/10.1101/gr.10.6.808
.
M
arcet-H
o
u
b
en
,
M
.,
&
G
ab
ald
ó
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b
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reviou
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d
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d
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efin
ed
as
th
e
u
n
ion
of
all
gen
es
observed
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o
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[2].
M
an
y
tools
for
p
an
-gen
om
e
an
alysis
h
ave
been
p
u
blish
ed
in
recen
t
years,
w
h
ich
u
tilize
m
eth
od
s
su
ch
as
w
h
ole-gen
om
e
align
m
en
t,
read
m
ap
p
in
g,
clu
sterin
g
algo-
rith
m
s
or
d
e
B
ru
ijn
grap
h
con
stru
ction
[12
–16].
A
lth
ou
gh
th
e
con
cep
t
of
th
e
sp
ecies
p
an
-gen
om
e
is
w
ell-
establish
ed
in
com
p
arative
p
rokaryote
gen
om
ics,it
h
as
on
ly
recen
tly
been
exten
d
ed
to
com
p
arative
in
trasp
ecific
stu
d
ies
of
eu
karyotes.
T
h
is
is
d
esp
ite
rep
eated
observation
of
in
tra-
sp
ecific
gen
om
ic
con
ten
t
variation
in
eu
karyotes
d
atin
g
back
to
th
e
first
in
trasp
ecific
com
p
arative
an
alyses
of
Sac-
charom
yces
cerevisiae
gen
om
es
in
th
e
m
id
-2000s
[17
–20].
T
h
e
relative
d
earth
of
eu
karyotic
p
an
-gen
om
e
an
alysis
in
th
e
literatu
re
is
d
u
e
in
p
art
to
th
e
relative
d
ifficu
lty
of
sequ
en
cin
g
an
d
an
alysin
g
large
eu
karyotic
gen
om
e
d
atasets
relative
to
p
rokaryotes
[21].
A
d
d
ition
ally,
w
h
ile
h
orizon
tal
gen
e
tran
sfer
(H
G
T
)
is
th
ou
gh
t
to
be
th
e
d
rivin
g
in
flu
en
ce
in
p
rokaryotic
gen
e
fam
ily
an
d
p
an
-gen
om
e
evolu
tion
,
H
G
T
occu
rs
in
far
low
er
rates
in
eu
karyotes
an
d
is
m
ore
d
if-
ficu
lt
to
d
etect
[22
–26].D
esp
ite
th
ese
ch
allen
ges,th
ere
h
ave
been
a
n
u
m
ber
of
recen
t
stu
d
ies
of
in
trasp
ecific
variation
w
ith
in
d
iverse
eu
karyote
taxa
th
at
sh
ow
stron
g
evid
en
ce
for
th
e
existen
ce
of
a
eu
karyotic
p
an
-gen
om
e
in
som
e
form
.F
or
exam
p
le,
com
p
arative
an
alysis
of
n
in
e
d
iverse
cu
ltivars
of
B
rassica
oleracea
fou
n
d
th
at
~
19
%
of
all
gen
es
an
alysed
w
ere
p
art
of
th
e
B
.oleracea
accessory
gen
om
e,w
ith
~
2
%
of
th
ese
bein
g
cu
ltivar-sp
ecific
[27].
A
sim
ilar
com
p
arison
of
seven
geograp
h
ically
d
iverse
w
ild
soybean
(G
lycin
e
soja)
strain
s
fou
n
d
ap
p
roxim
ately
th
e
sam
e
80
:20
p
rop
ortion
of
core
to
accessory
gen
e
con
ten
t
w
ith
in
th
e
w
ild
soybean
p
an
-
gen
om
e,
w
h
ile
larger
accessory
gen
om
e
sizes
h
ave
been
rep
orted
in
w
h
eat,
m
aize,
grasses
an
d
M
edicago
[28
–32].
In
d
ivid
u
al
strain
s
of
th
e
coccolitop
h
ore
E
m
ilian
ia
hu
xleyi
h
ave
an
accessory
com
p
lem
en
t
of
u
p
to
30
%
of
th
eir
total
gen
e
con
ten
t,
w
h
ich
varies
w
ith
geograp
h
ical
location
[33].
In
fu
n
gi,
a
n
u
m
ber
of
stu
d
ies
of
th
e
Saccharom
yces
cerevi-
siae
p
an
-gen
om
e,
in
clu
d
in
g
a
recen
t
large-scale
an
alysis
of
gen
om
e
evolu
tion
across
1011
strain
s,h
ave
sh
ow
n
evid
en
ce
for
an
accessory
gen
om
e
of
varyin
g
size,as
w
ellas
large
var-
iation
in
su
bterm
in
al
region
s
across
m
u
ltip
le
Saccharom
yces
cerevisiae
strain
s
[13,
34
–36],
an
d
recen
t
an
alysis
of
th
e
Z
ym
oseptoria
tritici
p
an
-gen
om
e
fou
n
d
th
at
u
p
to
40
%
of
gen
es
in
th
e
total
Z
.
tritici
p
an
-gen
om
e
w
ere
eith
er
lin
eage
or
strain
-sp
ecific
[37].
T
h
e
m
eth
od
s
of
p
an
-gen
om
e
evolu
tion
w
ith
in
eu
karyotes
in
th
e
absen
ce
of
ram
p
an
t
H
G
T
ap
p
ears
to
vary
am
on
g
sp
e-
cies,an
d
can
in
clu
d
e
gen
om
e
rearran
gem
en
t
even
ts
or
m
ore
d
iscrete
ad
ap
tive
evolu
tion
p
rocesses.
In
p
lan
ts,
accessory
gen
om
es
m
ay
evolve
as
a
resu
lt
of
varyin
g
levels
of
p
loid
y,
h
eterozygosity
an
d
w
h
ole-gen
om
e
d
u
p
lication
w
ith
in
sp
e-
cies,as
w
ellas
ad
ap
tive
ch
an
ges
an
d
th
e
evolu
tion
of
p
h
en
o-
typ
ic
d
ifferen
ces,
su
ch
as
in
B
.
oleracea
[27].
A
d
ap
tive
evolu
tion
h
as
also
in
flu
en
ced
th
e
evolu
tion
of
th
e
E
m
ilian
ia
hu
xleyi
p
an
-gen
om
e,
w
ith
strain
s
con
tain
in
g
varyin
g
am
ou
n
ts
of
n
u
trien
t
acqu
isition
an
d
m
etabolism
as
a
resu
lt
of
n
ich
e
sp
ecialization
[33].
H
igh
levels
of
fu
n
ction
ally
red
u
n
d
an
t
accessory
gen
om
e
con
ten
t
can
be
observed
w
ith
in
th
e
Z
.tritici
sp
ecies
p
an
-gen
om
e,w
h
ich
is
th
ou
gh
t
to
arise
from
th
e
sp
ecies’
ow
n
gen
om
e
d
efen
ce
m
ech
an
ism
s
in
d
u
cin
g
p
olym
orp
h
ism
s
as
op
p
osed
to
gen
e
d
u
p
lication
even
ts
[37].
P
eter
et
al.
[36]
observed
a
large
p
rop
ortion
of
accessory
gen
es
w
ith
in
Saccharom
yces
cerevisiae
ap
p
ear
to
h
ave
arisen
via
in
trogression
from
closely
related
Saccharo-
m
yces
sp
ecies,w
ith
a
sm
aller
n
u
m
ber
origin
atin
g
from
H
G
T
even
ts
w
ith
oth
er
yeasts
[36].
In
th
is
stu
d
y,
w
e
h
ave
ad
ap
ted
a
m
eth
od
of
p
rokaryotic
p
an
-gen
om
e
an
alysis
th
at
id
en
tifies
p
u
tative
p
an
-gen
om
ic
stru
ctu
re
w
ith
in
sp
ecies
by
accou
n
tin
g
for
con
served
gen
om
ic
n
eigh
bou
rh
ood
s
(C
G
N
s)
betw
een
strain
gen
om
es
an
d
ap
p
lied
it
to
eu
karyote
an
alysis
[38]
(F
ig.
S1).
W
e
h
ave
u
sed
th
is
m
eth
od
in
tan
d
em
w
ith
besp
oke
p
re-
an
d
p
ost-p
rocessin
g
p
ip
elin
es
th
at
an
alyse
th
e
exten
t
of
gen
e
d
u
p
lication
w
ith
in
sp
ecies
p
an
-gen
om
es
(available
from
h
ttp
s://gith
u
b.com
/ch
m
ccarth
y/p
an
gen
om
e-p
ip
elin
es)
to
con
stru
ct
an
d
ch
aracterize
th
e
p
an
-gen
om
es
of
fou
r
exem
-
p
lar
fu
n
gal
sp
ecies:
Saccharom
yces
cerevisiae,
C
an
dida
albican
s,
C
ryptococcu
s
n
eoform
an
s
var.
gru
bii
an
d
A
sper-
gillu
s
fu
m
igatu
s.
A
ll
fou
r
sp
ecies
are
m
od
el
organ
ism
s
in
eu
karyotic
gen
om
ics
an
d
p
lay
im
p
ortan
t
roles
in
h
u
m
an
h
ealth
an
d
lifestyles;
Saccharom
yces
cerevisiae
is
u
sed
IM
P
A
C
T
S
T
A
T
E
M
E
N
T
R
e
ce
n
t
p
ro
k
a
ryo
tic
g
e
n
o
m
ic
stu
d
ie
s
o
f
m
u
ltip
le
in
d
ivid
u
-
a
ls
fro
m
th
e
sa
m
e
sp
e
cie
s
h
a
s
u
n
co
ve
re
d
la
rg
e
d
iffe
re
n
-
ce
s
in
th
e
g
e
n
e
co
n
te
n
t
b
e
tw
e
e
n
in
d
ivid
u
a
ls.
It
h
a
s
b
e
co
m
e
in
cre
a
sin
g
ly
co
m
m
o
n
to
re
fe
r
to
sp
e
cie
s
w
ith
m
u
ltip
le
g
e
n
o
m
e
s
se
q
u
e
n
ce
d
in
te
rm
s
o
f
th
e
ir
‘p
a
n
-
g
e
n
o
m
e
’.
T
h
e
p
a
n
-g
e
n
o
m
e
is
th
e
u
n
io
n
o
f
‘co
re
’
co
n
-
se
rve
d
g
e
n
e
s
a
n
d
a
ll
‘a
cce
sso
ry
’
n
o
n
-co
n
se
rve
d
g
e
n
e
s
a
cro
ss
a
ll
stra
in
s
o
f
a
sp
e
cie
s.
S
p
e
cie
s
p
a
n
-g
e
n
o
m
e
s
h
a
ve
b
e
e
n
a
n
a
lyse
d
in
m
a
n
y
p
ro
k
a
ryo
tic
sp
e
cie
s,
b
u
t
h
a
ve
b
e
e
n
re
ce
n
tly
d
e
m
o
n
stra
te
d
in
e
u
k
a
ryo
te
s
su
ch
a
s
p
la
n
ts
a
n
d
fu
n
g
i
a
s
w
e
ll.
H
e
re
,
w
e
h
a
ve
in
ve
stig
a
te
d
th
e
p
a
n
-g
e
n
o
m
e
s
o
f
fo
u
r
m
o
d
e
l
fu
n
g
a
l
sp
e
cie
s
n
a
m
e
ly,
S
ac-
ch
arom
yces
cerevisiae,
C
an
d
id
a
alb
ican
s,
C
ryp
tococcu
s
n
eoform
an
s
va
r.
g
ru
b
ii
a
n
d
A
sp
erg
illu
s
fu
m
ig
atu
s.
E
a
ch
sp
e
cie
s
is
a
m
o
d
e
l
o
rg
a
n
ism
fo
r
fu
n
g
a
l
e
vo
lu
tio
n
a
ry
b
io
l-
o
g
y,
g
e
n
o
m
ics
a
n
d
co
m
p
a
ra
tive
g
e
n
o
m
ics.
O
u
r
re
su
lts
sh
o
w
th
a
t
b
e
tw
e
e
n
8
0
a
n
d
9
0
%
o
f
g
e
n
e
m
o
d
e
ls
p
e
r
stra
in
a
re
co
re
g
e
n
e
s
th
a
t
a
re
h
ig
h
ly
co
n
se
rve
d
,m
a
n
y
o
f
w
h
ich
a
re
in
vo
lve
d
in
h
o
u
se
k
e
e
p
in
g
a
n
d
co
n
se
rve
d
su
r-
viva
l
p
ro
ce
sse
s.
T
h
e
re
m
a
in
in
g
a
cce
sso
ry
g
e
n
e
m
o
d
e
ls
a
re
clu
ste
re
d
w
ith
in
su
b
te
rm
in
a
l
re
g
io
n
s,
a
n
d
m
a
y
b
e
in
vo
lve
d
in
p
a
th
o
g
e
n
e
sis
a
n
d
a
n
tim
icro
b
ia
l
re
sista
n
ce
.
A
n
a
lysis
o
f
th
e
a
n
ce
stry
o
f
sp
e
cie
s
co
re
a
n
d
a
cce
sso
ry
g
e
n
o
m
e
s
su
g
g
e
sts
th
a
t
fu
n
g
a
l
p
a
n
-g
e
n
o
m
e
s
e
vo
lve
b
y
stra
in
-le
ve
l
in
n
o
va
tio
n
s
su
ch
a
s
g
e
n
e
d
u
p
lica
tio
n
a
s
o
p
p
o
se
d
to
w
id
e
-sca
le
h
o
rizo
n
ta
l
g
e
n
e
tra
n
sfe
r.O
u
r
fin
d
-
in
g
s
le
n
d
fu
rth
e
r
su
p
p
o
rtin
g
e
vid
e
n
ce
to
th
e
e
xiste
n
ce
o
f
sp
e
cie
s
p
a
n
-g
e
n
o
m
e
s
in
e
u
k
a
ryo
te
ta
xa
.
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exten
sively
in
biotech
n
ology,
C
an
dida
albican
s
is
an
op
p
ortu
n
istic
in
vasive
p
ath
ogen
an
d
th
e
secon
d
-m
ost
com
m
on
cau
se
of
fu
n
gal
in
fection
,
C
ryptococcu
s
n
eofor-
m
an
s
var.
gru
bii
is
an
in
tracellu
lar
p
ath
ogen
th
at
cau
ses
m
en
in
gitis
in
im
m
u
n
ocom
p
rom
ised
h
osts,
an
d
A
spergillu
s
fu
m
igatu
s
is
an
op
p
ortu
n
istic
resp
iratory
p
ath
ogen
[39
–
43].
W
e
h
ave
fou
n
d
stron
g
evid
en
ce
for
p
an
-gen
om
ic
stru
ctu
re
w
ith
in
all
fou
r
fu
n
gal
sp
ecies.
In
lin
e
w
ith
p
revi-
ou
s
an
alyses
of
oth
er
eu
karyotes,
w
e
fou
n
d
th
at
ap
p
roxi-
m
ately
80
–90
%
of
fu
n
gal
sp
ecies’
p
an
-gen
om
es
are
com
p
osed
of
core
gen
es,
w
h
ile
th
e
rem
ain
d
er
is
com
p
osed
of
strain
or
lin
eage-sp
ecific
accessory
gen
es.
A
n
alysis
of
th
e
origin
of
fu
n
gal
p
an
-gen
om
es
su
ggests
th
at
fu
n
gal
accessory
gen
om
es
are
en
rich
ed
for
gen
es
of
eu
karyotic
origin
an
d
arise
via
eu
karyotic
in
n
ovation
s
su
ch
as
gen
e
d
u
p
lication
as
op
p
osed
to
large-scale
H
G
T
.
F
u
n
ction
ally,
fu
n
gal
core
gen
om
es
are
en
rich
ed
for
both
h
ou
sekeep
in
g
p
rocesses
an
d
essen
tial
su
rvival
p
rocesses
in
p
ath
ogen
ic
sp
ecies,
w
h
ereas
m
an
y
fu
n
gal
accessory
gen
e
m
od
els
are
fou
n
d
w
ith
in
clu
sters
in
th
e
term
in
al
an
d
su
bterm
in
al
region
s
of
gen
om
es
an
d
are
en
rich
ed
for
p
rocesses
th
at
m
ay
be
im
p
licated
in
fu
n
gal
p
ath
ogen
icity
or
an
tim
icro-
bial
resistan
ce.
O
u
r
fin
d
in
gs
com
p
lem
en
t
th
e
in
creasin
g
am
ou
n
t
of
stu
d
ies
sh
ow
in
g
evid
en
ce
for
p
an
-gen
om
ic
stru
ctu
re
in
eu
karyote
sp
ecies.
M
E
T
H
O
D
S
D
a
ta
s
e
t
a
s
s
e
m
b
ly
F
or
each
of
th
e
fou
r
fu
n
gal
sp
ecies
ch
osen
,
w
e
obtain
ed
strain
gen
om
e
assem
blies
from
th
e
N
ation
al
C
en
ter
for
B
io-
tech
n
ology
In
form
ation
’s
(N
C
B
I’s)
G
en
B
an
k
facility
(T
able
S1).
Strain
s
w
ere
selected
based
on
geograp
h
ical
an
d
en
viron
m
en
tal
d
iversity
w
h
ere
p
ossible
(T
able
S1).T
h
e
p
re-
d
icted
p
rotein
set
from
each
sp
ecies’
referen
ce
gen
om
e
w
as
also
obtain
ed
from
G
en
B
an
k.
F
or
each
strain
gen
om
e
in
each
sp
ecies
d
ataset,tran
slated
gen
e
m
od
el
an
d
gen
e
m
od
el
location
p
red
iction
w
as
p
erform
ed
u
sin
g
a
besp
oke
p
red
ic-
tion
p
ip
elin
e
con
sistin
g
of
th
ree
p
arts
(F
ig.S2).
(i)
R
eferen
ce
p
rotein
s
w
ere
qu
eried
again
st
in
d
ivid
u
al
strain
gen
om
es
u
sin
g
E
xon
erate
w
ith
a
h
eu
ristic
p
rotein
2gen
om
e
search
m
od
el
[44].
T
ran
slated
gen
e
m
od
el
top
h
its
w
h
ose
sequ
en
ce
len
gth
w
as
!
50
%
of
th
e
qu
ery
referen
ce
p
rotein
’s
sequ
en
ce
len
gth
w
ere
con
sid
ered
h
om
ologu
es
an
d
in
clu
d
ed
in
th
e
strain
gen
e
m
od
el
set.T
h
e
gen
om
ic
location
s
of
th
ese
gen
e
m
od
els
w
ere
in
clu
d
ed
in
th
e
strain
gen
om
ic
location
s
d
ataset.
F
ig
.
1
.
S
e
ve
n
-se
t
V
e
n
n
d
ia
g
ra
m
re
p
re
se
n
tin
g
a
h
yp
o
th
etica
l
sp
e
cie
s
p
a
n
-g
e
n
o
m
e
.
E
a
ch
se
t
re
p
re
se
n
ts
g
e
n
e
s/g
e
n
e
m
o
d
e
ls
co
n
se
rve
d
a
cro
ss
stra
in
s
o
f
a
g
ive
n
sp
e
cie
s.
T
h
e
co
re
sp
e
cie
s
g
e
n
o
m
e
(g
re
y)
is
d
e
fin
e
d
a
s
th
e
se
t
o
f
a
ll
g
e
n
e
s/g
e
n
e
m
o
d
e
ls
co
n
se
rve
d
a
cro
ss
a
ll
stra
in
s
o
f
a
sp
e
cie
s,w
h
ile
th
e
a
cce
sso
ry
g
e
n
o
m
e
co
n
sists
o
f
a
ll
g
e
n
e
s/g
e
n
e
m
o
d
e
ls
n
o
t
u
n
ive
rsa
lly
co
n
se
rve
d
w
ith
in
a
sp
e
cie
s.
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(ii)
A
b
in
itio
h
id
d
en
M
arkov
m
od
el-d
ep
en
d
en
t
gen
e
m
od
el
p
red
iction
w
as
carried
ou
t
u
sin
g
G
en
eM
ark-E
S,
w
ith
self-
train
in
g
an
d
a
fu
n
gal-sp
ecific
bran
ch
p
oin
t
site
p
red
iction
m
od
el
en
abled
[45].
P
red
icted
gen
e
m
od
els
w
h
ose
gen
om
ic
location
s
d
id
n
ot
overlap
w
ith
an
y
gen
e
m
od
els
p
reviou
sly
p
red
icted
via
th
e
first
step
w
ere
in
clu
d
ed
in
th
e
strain
gen
e
m
od
el
set.T
h
e
gen
om
ic
location
s
of
th
ese
gen
e
m
od
el
w
ere
also
in
clu
d
ed
in
th
e
strain
gen
om
ic
location
s
d
ataset.
(iii)
F
in
ally,
p
osition
w
eigh
t
m
atrix-d
ep
en
d
en
t
gen
e
m
od
el
p
red
iction
w
as
carried
ou
t
for
all
rem
ain
in
g
n
on
-cod
in
g
region
s
of
th
e
gen
om
e
u
sin
g
T
ran
sD
ecod
er
[46].
F
or
Sac-
charom
yces
cerevisiae
an
d
C
an
dida
albican
s
strain
gen
om
es,
th
ese
gen
e
m
od
els
w
ere
ad
d
ition
ally
screen
ed
again
st
a
d
ata-
set
of
kn
ow
n
‘d
u
biou
s’
p
seu
d
ogen
es
in
each
sp
ecies
taken
from
th
eir
resp
ective
p
u
blic
rep
ositories
u
sin
g
B
L
A
ST
P
w
ith
an
E
valu
e
cu
t-off
of
10
"
4
[47,
48].
P
red
icted
gen
e
m
od
els
w
h
ose
top
B
L
A
ST
P
h
it
again
st
a
kn
ow
n
d
u
biou
s
p
seu
d
ogen
e
h
ad
a
sequ
en
ce
coverage
of
!
70
%
w
ere
rem
oved
from
fu
r-
th
er
p
rocessin
g.A
llrem
ain
in
g
p
red
icted
gen
e
m
od
els
w
ith
a
len
gth
of
!
200
aa
an
d
a
cod
in
g
p
oten
tial
score
of
100
or
greater
as
assign
ed
by
T
ran
sD
ecod
er
w
ere
in
clu
d
ed
in
th
e
fin
al
strain
gen
e
m
od
el
set.
T
h
eir
corresp
on
d
in
g
gen
om
ic
location
s
w
ere
also
in
clu
d
ed
in
th
e
strain
gen
om
ic
location
s
d
ataset.
T
h
u
s,
for
each
strain
gen
om
e
in
a
sp
ecies
d
ataset,
a
gen
e
m
od
el
set
an
d
corresp
on
d
in
g
gen
om
ic
location
set
w
as
con
-
stru
cted
u
sin
g
tw
o
in
itial
in
d
ep
en
d
en
t
p
red
iction
m
eth
od
s;
a
search
for
gen
e
m
od
els
orth
ologou
s
to
th
e
referen
ce
p
ro-
tein
set
an
d
an
ab
in
itio
p
red
iction
ap
p
roach
,
follow
ed
by
a
‘last
resort’ap
p
roach
for
p
red
ictin
g
gen
e
m
od
els
in
gen
om
ic
region
s
for
w
h
ich
gen
e
m
od
els
h
ad
n
ot
been
p
reviou
sly
called
.W
e
u
sed
th
is
ap
p
roach
to
en
su
re
con
sisten
cy
in
gen
e
m
od
els
calls
betw
een
strain
s
an
d
to
red
u
ce
th
e
p
oten
tial
of
p
oor
h
eterogen
ou
s
gen
e
m
od
el
callin
g
w
ith
in
each
sp
ecies
d
ataset,
w
h
ich
w
ou
ld
in
tu
rn
red
u
ce
th
e
n
u
m
ber
of
false
p
ositives/n
egatives
in
ou
r
an
alysis.
T
h
e
com
p
leten
ess
of
each
set
of
p
red
icted
gen
e
m
od
els
w
as
assessed
u
sin
g
B
U
SC
O
w
ith
th
e
ap
p
rop
riate
B
U
SC
O
d
ataset
for
each
sp
ecies
[49]
(T
able
S1).
F
or
each
sp
ecies
d
ataset,
all
strain
gen
om
e
gen
e
m
od
el
sets
w
ere
com
bin
ed
an
d
an
all-vs-all
B
L
A
ST
P
search
w
as
carried
ou
t
for
all
p
red
icted
gen
e
m
od
els
u
sin
g
an
E
valu
e
cu
t-off
of
10
"
4.
T
h
e
resu
lts
of
th
e
B
L
A
ST
P
search
w
ere
u
sed
as
in
p
u
t
for
P
an
O
C
T
alon
g
w
ith
th
e
com
bin
ed
gen
o-
m
ic
location
d
ata
for
each
strain
gen
om
e
in
a
sp
ecies
d
ataset
[38].F
u
rth
er
in
form
ation
for
each
sp
ecies
d
ataset
is
d
etailed
below
.
S
a
cch
a
ro
m
y
ce
s
ce
re
v
is
ia
e
G
en
om
ic
d
ata
for
100
Saccharom
yces
cerevisiae
strain
s
w
ere
obtain
ed
from
th
e
N
C
B
I’s
G
en
B
an
k
facility.
O
f
th
ese
100
gen
om
es,99
h
ad
p
reviou
sly
been
in
clu
d
ed
in
th
e
geograp
h
i-
cally
an
d
p
h
en
otyp
ically
d
iverse
‘100-gen
om
es
strain
s’
(100G
S)
resou
rce
for
Saccharom
yces
cerevisiae
[50].F
or
ou
r
an
alysis,
w
e
exclu
d
ed
th
e
100G
S
E
u
rop
ean
vin
eyard
strain
M
22
as
its
low
er
assem
bly
qu
ality
p
reven
ted
u
s
from
carry-
in
g
ou
t
ab
in
itio
gen
e
m
od
elp
red
iction
u
sin
g
G
en
eM
ark-E
S
[45,50].In
its
p
lace,w
e
in
clu
d
ed
th
e
E
u
rop
ean
com
m
ercial
w
in
em
akin
g
strain
L
alvin
E
C
118
[51].
T
h
e
p
rotein
set
for
th
e
referen
ce
Saccharom
yces
cerevisiae
strain
S288C
w
as
also
obtain
ed
from
G
en
B
an
k
[40].
C
on
stru
ction
of
th
e
Sac-
charom
yces
cerevisiae
p
an
-gen
om
e
d
ataset
w
as
p
erform
ed
as
d
etailed
above,w
ith
p
oten
tially
d
u
biou
s
gen
e
m
od
el
p
red
ic-
tion
s
for
each
strain
gen
om
e
ch
ecked
again
st
a
d
ataset
of
689
kn
ow
n
d
u
biou
s
Saccharom
yces
cerevisiae
gen
e
m
od
els
obtain
ed
from
th
e
Saccharom
yces
G
en
om
e
D
atabase
(SG
D
)
[17].
T
h
e
com
p
leten
ess
of
each
strain
’s
gen
e
m
od
el
d
ataset
w
as
assessed
u
sin
g
1711
Saccharom
yces
cerevisiae
B
U
SC
O
s
from
th
e
Sacch
arom
ycetales
d
ataset;
on
average
~
1677
B
U
SC
O
S
(
~
98
%
)
w
ere
retrieved
as
com
p
lete
gen
e
m
od
els
in
each
strain
(T
able
S1).
In
total,
575
940
gen
e
m
od
els
an
d
corresp
on
d
in
g
u
n
iqu
e
gen
om
ic
location
s
w
ere
p
red
icted
for
100
Saccharom
yces
cerevisiae
gen
om
es
(T
able
S1).
C
a
n
d
id
a
a
lb
ica
n
s
G
en
om
ic
d
ata
for
34
C
an
dida
albican
s
strain
s
w
ere
obtain
ed
from
th
e
N
C
B
I’s
G
en
B
an
k
facility,
en
com
p
assin
g
p
red
om
i-
n
an
tly
clin
ical
or
p
resu
m
ed
-clin
ical
strain
s
isolated
from
N
orth
A
m
erica,
E
u
rop
e
an
d
th
e
M
id
d
le
E
ast
(T
able
S1).
T
h
e
p
rotein
set
for
th
e
referen
ce
C
an
dida
albican
s
strain
SC
5314
w
as
also
obtain
ed
from
G
en
B
an
k
[41].
C
on
stru
c-
tion
of
th
e
C
an
dida
albican
s
p
an
-gen
om
e
d
ataset
w
as
p
er-
form
ed
as
d
etailed
above,
w
ith
p
oten
tially
d
u
biou
s
gen
e
m
od
el
p
red
iction
s
for
each
gen
om
e
ch
ecked
again
st
a
d
ata-
set
of
152
kn
ow
n
d
u
biou
s
gen
e
m
od
els
from
C
an
dida
albi-
can
s
SC
5314
obtain
ed
from
th
e
C
an
dida
G
en
om
e
D
atabase
[48].
T
h
e
com
p
leten
ess
of
each
strain
’s
gen
e
m
od
el
d
ataset
w
as
assessed
u
sin
g
1711
Saccharom
yces
cerevisiae
B
U
SC
O
s
from
th
e
Sacch
arom
ycetales
d
ataset;on
average
~
1642
B
U
S-
C
O
s
(
~
96
%
)
w
ere
retrieved
as
com
p
lete
gen
e
m
od
els
in
each
strain
(T
able
S1).
In
total,
203786
gen
e
m
od
els
an
d
th
eir
corresp
on
d
in
g
u
n
iqu
e
gen
om
ic
location
s
w
ere
p
re-
d
icted
for
34
C
an
dida
albican
s
gen
om
es
(T
able
S1).
C
ry
p
to
co
ccu
s
n
e
o
fo
rm
a
n
s
v
a
r.
g
ru
b
ii
G
en
om
ic
d
ata
for
25
C
ryptococcu
s
n
eoform
an
s
var.
gru
bii
strain
s
w
ere
obtain
ed
from
th
e
N
C
B
I’s
G
en
B
an
k
facility,
en
com
p
assin
g
both
clin
ical
an
d
w
ild
-typ
e
strain
s
sam
p
led
from
N
orth
A
m
erica
an
d
Sou
th
ern
A
frican
region
s
(T
able
S1).
T
h
e
p
rotein
set
for
th
e
referen
ce
C
ryptococcu
s
n
eoform
an
s
var.
gru
bii
strain
H
99
w
as
also
obtain
ed
from
G
en
B
an
k
[42].
C
on
stru
ction
of
th
e
C
ryptococcu
s
n
eofor-
m
an
s
var.
gru
bii
p
an
-gen
om
e
d
ataset
w
as
p
erform
ed
as
d
etailed
above,
w
ith
th
e
excep
tion
th
at
a
ch
eck
for
kn
ow
n
d
u
biou
s
gen
e
m
od
els
w
as
n
ot
carried
ou
t
as
n
o
su
ch
d
ata
w
ere
available
for
C
ryptococcu
s
n
eoform
an
s
var.
gru
bii.
T
h
e
com
p
leten
ess
of
each
strain
’s
gen
e
m
od
el
d
ataset
w
as
assessed
u
sin
g
th
e
1335
B
U
SC
O
s
from
th
e
B
asid
iom
ycota
d
ataset;on
average
~
987
B
U
SC
O
s
(
~
74
%
)
w
ere
retrieved
as
com
p
lete
gen
e
m
od
els
in
each
strain
(T
able
S1).
In
total,
170241
gen
e
m
od
els
an
d
th
eir
corresp
on
d
in
g
gen
om
ic
loca-
tion
s
w
ere
p
red
icted
for
25
C
ryptococcu
s
n
eoform
an
s
var.
gru
bii
gen
om
es
(T
able
S1).
M
cC
a
rth
y
a
n
d
F
itzp
a
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,
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A
s
p
e
rg
illu
s
fu
m
ig
a
tu
s
G
en
om
ic
d
ata
for
12
A
spergillu
s
fu
m
igatu
s
strain
s
w
ere
obtain
ed
from
th
e
N
C
B
I’s
G
en
B
an
k
facility,
in
clu
d
in
g
both
clin
ical
an
d
w
ild
-typ
e
strain
s
isolated
from
th
e
N
orth
ern
an
d
Sou
th
ern
h
em
isp
h
eres,an
d
th
e
In
tern
ation
alSp
ace
Sta-
tion
(T
able
S1).T
h
e
p
rotein
set
for
th
e
referen
ce
A
spergillu
s
fu
m
igatu
s
strain
A
F
293
w
as
also
obtain
ed
from
G
en
B
an
k
[43].C
on
stru
ction
of
th
e
A
spergillu
s
fu
m
igatu
s
p
an
-gen
om
e
d
ataset
w
as
p
erform
ed
as
d
etailed
above,w
ith
th
e
excep
tion
th
at
a
ch
eck
for
kn
ow
n
d
u
biou
s
gen
e
m
od
els
w
as
n
ot
carried
ou
t
as
n
o
su
ch
d
ata
w
as
available
for
A
spergillu
s
fu
m
igatu
s.
T
h
e
com
p
leten
ess
of
each
strain
’s
gen
e
m
od
el
d
ataset
w
as
assessed
u
sin
g
4046
A
spergillu
s
n
idu
lan
s
B
U
SC
O
s
from
th
e
E
u
rotiom
ycetes
d
ataset;on
average
~
3410
B
U
SC
O
s
(
~
84
%
)
w
ere
retrieved
as
com
p
lete
gen
e
m
od
els
in
each
strain
(T
able
S1).In
total,116230
p
u
tative
p
rotein
s
an
d
th
eir
cor-
resp
on
d
in
g
u
n
iqu
e
gen
om
ic
location
s
w
ere
p
red
icted
for
12
A
spergillu
s
fu
m
igatu
s
gen
om
es
(T
able
S1).
P
a
n
-g
e
n
o
m
e
a
n
a
ly
s
is
o
f
fu
n
g
a
l
s
p
e
cie
s
A
n
alysis
of
th
e
p
an
-gen
om
es
of
th
e
fou
r
fu
n
gal
sp
ecies
in
ou
r
stu
d
y
w
as
p
erform
ed
u
sin
g
th
e
P
erl
softw
are
P
an
O
C
T
[38].P
an
O
C
T
is
a
grap
h
-based
m
eth
od
th
at
u
ses
both
B
L
A
ST
score
ratio
[52]
an
d
C
G
N
[53]
ap
p
roach
es
to
establish
clu
s-
ters
of
syn
ten
ically
con
served
orth
ologu
es
across
m
u
ltip
le
gen
om
es
for
sp
ecies
p
an
-gen
om
e
an
alysis
(F
ig.S1).T
h
e
u
se
of
gen
om
ic
con
text
in
ad
d
ition
to
sequ
en
ce
sim
ilarity
in
P
an
O
C
T
allow
ed
u
s
to
d
istin
gu
ish
betw
een
m
u
ltip
le
h
om
ol-
ogou
s
seq
u
en
ces
w
ith
in
an
y
gen
om
e
an
alysed
(i.e.
p
aralogu
es)
[38].W
e
u
sed
C
G
N
(w
in
d
ow
size=
5,th
e
d
efau
lt
valu
e)
as
ou
r
criterion
for
d
efin
in
g
con
served
gen
e
evolu
tion
betw
een
strain
s
of
fu
n
gal
sp
ecies.
In
th
e
section
s
below
,
w
e
refer
to
gen
e
m
od
els
con
tain
in
g
an
orth
ologu
e
from
all
strain
s
p
resen
t
in
a
sp
ecies
d
ataset
as
core
gen
e
m
od
els
(an
d
th
u
s
p
art
of
th
e
core
gen
om
e)
an
d
th
ose
m
issin
g
an
orth
o-
logu
e
from
on
e
or
m
ore
strain
s
as
accessory
clu
sters
(an
d
th
u
s
p
art
of
th
e
accessory
gen
om
e).
A
fter
rem
ovin
g
in
valid
or
low
-qu
ality
B
L
A
ST
P
h
its
in
each
sp
ecies
d
ataset
(T
able
S1),
th
e
in
itialcore
an
d
accessory
gen
om
es
for
each
sp
ecies
d
ata-
set
w
ere
con
stru
cted
u
sin
g
P
an
O
C
T
w
ith
th
e
d
efau
lt
p
aram
eters.
T
o
assess
th
e
in
flu
en
ce
of
d
u
p
lication
an
d
m
icrosyn
ten
y
loss
on
fu
n
gal
p
an
-gen
om
es,w
e
p
rocessed
th
e
resu
lts
of
th
e
P
an
O
C
T
an
alysis
u
sin
g
a
m
u
lti-step
P
yth
on
/R
p
ost-p
rocess-
in
g
p
ip
elin
e.
T
h
is
first
step
of
th
is
p
ip
elin
e
w
as
an
iterative
search
for
in
d
ep
en
d
en
t
syn
ten
ic
clu
sters
w
ith
th
e
p
oten
tial
to
be
m
erged
based
on
recip
rocal
seq
u
en
ce
sim
ilarity.Start-
in
g
w
ith
accessory
clu
sters
of
size
n
–
1
(w
h
ere
n
is
th
e
n
u
m
-
ber
of
strain
s
in
a
d
ataset),
p
arallelized
all-vs-all
B
L
A
ST
P
search
es
of
all
rem
ain
in
g
gen
e
m
od
els
from
accessory
clu
s-
ters
(e=
10
"
4)
w
ere
p
erform
ed
,
an
d
th
is
ou
tp
u
t
w
as
p
arsed
to
id
en
tify
in
stan
ces
w
h
ere
tw
o
accessory
clu
sters
w
ith
n
o
overlap
p
in
g
strain
rep
resen
tation
cou
ld
be
m
erged
in
to
on
e
clu
ster
based
on
th
e
follow
in
g
criteria.
(i)
E
ach
m
em
ber
gen
e
m
od
el
in
a
‘qu
ery
’
clu
ster
of
size
m
h
ad
a
recip
rocal
B
L
A
ST
P
strain
top
h
it
w
ith
a
su
fficien
t
n
u
m
ber
of
m
em
ber
gen
e
m
od
els
in
a
‘su
bject’
clu
ster
of
size
n
–
m
or
sm
aller.
(ii)
T
h
e
size
of
th
e
resu
ltin
g
‘m
erged
’clu
ster
w
as
#
n
.
T
h
is
ap
p
roach
attem
p
ted
to
accou
n
t
for
loss-of-syn
ten
y
even
ts
su
ch
as
rearran
gem
en
ts
or
oth
er
artefacts
arisin
g
from
d
ifferen
t
gen
om
e
seq
u
en
cin
g
an
d
assem
bly
m
eth
od
s.
M
erged
accessory
clu
sters
th
at
n
ow
h
ad
an
orth
ologou
s
gen
e
m
od
el
from
each
strain
in
a
d
ataset
(i.e.w
h
ose
size=
n
)
w
ere
recategorized
as
core
clu
sters,
alth
ou
gh
for
th
is
stu
d
y
su
ch
recategorization
s
w
ere
a
rare
occu
rren
ce.
T
h
e
secon
d
step
of
ou
r
p
ost-p
rocessin
g
p
ip
elin
e
assessed
th
e
in
flu
en
ce
of
gen
e
d
u
p
lication
on
fu
n
gal
p
an
-gen
om
e
evolu
-
tion
by
an
alysin
g
th
e
p
rop
ortion
of
accessory
gen
e
m
od
els
th
at
w
ere
p
oten
tially
p
aralogou
s
to
th
e
core
gen
om
e.
G
en
e
m
od
els
from
accessory
clu
sters
w
ere
assessed
for
sequ
en
ce
sim
ilarity
to
core
gen
e
m
od
els
from
th
e
in
itial
all-vs-all
B
L
A
ST
P
search
u
sed
as
in
p
u
t
for
P
an
O
C
T
.
If
accessory
gen
e
m
od
els
w
ere
su
fficien
tly
sim
ilar
to
every
gen
e
m
od
el
from
a
given
core
clu
ster
(E
valu
e
cu
t-off
of
1e
"
4),th
en
th
at
acces-
sory
clu
ster
w
as
classified
as
bein
g
a
p
aralogou
s
clu
ster
or
a
clu
ster
of
d
u
p
licated
core
gen
e
m
od
els.
T
h
is
ap
p
roach
attem
p
ted
to
accou
n
t
for
d
u
p
lication
even
ts
follow
ed
by
su
bsequ
en
t
gen
e
loss,
rearran
gem
en
t
in
strain
s
or
strain
-/
lin
eage-sp
ecific
exp
an
sion
s
of
gen
e
fam
ilies.
U
sin
g
a
sequ
en
ce-based
ap
p
roach
of
p
an
-gen
om
e
an
alysis,
as
op
p
osed
to
gen
om
e
align
m
en
t
or
oth
er
m
eth
od
s,also
facili-
tated
th
e
d
ow
n
stream
ap
p
lication
of
system
atic
fu
n
ction
al
an
alysis
of
sp
ecies
p
an
-gen
om
es;
e.g.
gen
e
on
tology
(G
O
)-
slim
en
rich
m
en
t,w
h
ich
is
d
etailed
below
.W
e
visu
alized
th
e
d
istribu
tion
of
syn
ten
ic
orth
ologu
es
w
ith
in
fu
n
gal
accessory
gen
om
es
u
sin
g
th
e
U
p
Set
tech
n
iqu
e,
an
altern
ative
to
V
en
n
or
E
u
ler
d
iagram
s,w
h
ich
visu
alizes
in
tersection
s
of
sets
an
d
th
eir
occu
rren
ces
u
sin
g
a
m
atrix
rep
resen
tation
[54].
T
h
is
tech
n
iqu
e,
im
p
lem
en
ted
in
th
e
R
p
ackage
U
p
SetR
,
allow
ed
u
s
to
see
th
e
n
u
m
ber
of
sh
ared
syn
ten
ic
orth
ologu
es
(in
ter-
section
s)
across
d
ifferen
t
strain
s
(sets)
w
ith
in
a
sp
ecies
d
ata-
set
[55,
56].
Sin
gleton
gen
e
m
od
els
from
each
referen
ce
strain
gen
om
e
w
ere
fu
n
ction
ally
ch
aracterized
by
search
in
g
again
st
th
eir
corresp
on
d
in
g
referen
ce
p
rotein
set
u
sin
g
B
L
A
ST
P
(e=
10
"
4).
P
h
y
lo
g
e
n
o
m
ic
re
co
n
s
tru
ctio
n
o
f
in
tra
s
p
e
cific
p
h
y
lo
g
e
n
ie
s
P
h
ylogen
om
ic
recon
stru
ction
of
in
trasp
ecific
lin
eages
w
as
carried
ou
t
for
all
fou
r
fu
n
gal
sp
ecies
u
sin
g
a
su
p
erm
atrix
ap
p
roach
.
F
or
each
fu
n
gal
p
an
-gen
om
e
d
ataset,
all
core
orth
ologu
e
clu
sters
w
h
ose
sm
allest
gen
e
m
od
el
w
as
at
least
90
%
th
e
len
gth
of
th
e
lon
gest
gen
e
m
od
el
w
ere
retrieved
from
th
e
d
ataset.
E
ach
clu
ster
w
as
align
ed
in
M
U
SC
L
E
w
ith
th
e
d
efau
lt
p
aram
eters,
an
d
for
each
clu
ster
align
m
en
t
p
h
y-
logen
etically
in
form
ative
ch
aracter
sites
w
ere
extracted
u
sin
g
P
A
U
P
*
[57,
58].
Sam
p
led
align
m
en
ts
retain
in
g
ch
arac-
ter
d
ata
w
ere
con
caten
ated
in
to
a
su
p
eralign
m
en
t
u
sin
g
F
A
SC
on
C
A
T
[59].
In
total,
(i)
4311
Saccharom
yces
cerevisiae
core
clu
sters
(431
100
gen
e
m
od
els)
p
assed
th
e
m
in
im
u
m
sequ
en
ce
len
gth
criterion
an
d
retain
ed
align
m
en
t
d
ata
after
sam
p
lin
g,
M
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a
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y
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a
trick
,
M
icrob
ial
G
en
om
ics
2
0
1
9
;5
5
Downloaded from
 www.m
icrobiologyresearch.org by
IP:  149.157.210.56
O
n: Tue, 05 Feb 2019 17:16:34
an
d
w
ere
con
caten
ated
in
to
a
100
gen
om
e
su
p
eralign
m
en
t
con
tain
in
g
54
860
aa
sites.
(ii)
4327
C
an
dida
albican
s
core
clu
sters
(68
904
gen
e
m
od
-
els)
retain
ed
align
m
en
t
d
ata
after
sam
p
lin
g,
an
d
w
ere
con
caten
ated
in
to
a
34
gen
om
e
su
p
eralign
m
en
t
con
tain
in
g
31
999
aa
sites.
(iii)
4512
C
ryptococcu
s
n
eoform
an
s
var.
gru
bii
core
clu
sters
(112
800
gen
e
m
od
els)
retain
ed
align
m
en
t
d
ata
after
sam
-
p
lin
g,
an
d
w
ere
con
caten
ated
in
to
a
25
gen
om
e
su
p
eralign
-
m
en
t
con
tain
in
g
47
811
aa
sites.
(iv)
5
724
A
spergillu
s
fu
m
igatu
s
core
clu
sters
(68
904
gen
e
m
od
els)
retain
ed
align
m
en
t
d
ata
after
sam
p
lin
g
for
p
h
ylogen
etically
in
form
ative
resid
u
es,
an
d
w
ere
con
caten
ated
in
to
a
12
gen
om
e
su
p
eralign
m
en
t
con
tain
in
g
20
760
aa
sites.
A
p
p
roxim
ate
m
axim
u
m
-likelih
ood
p
h
ylogen
om
ic
recon
-
stru
ction
w
as
p
erform
ed
for
each
su
p
eralign
m
en
t
u
sin
g
F
astT
ree
w
ith
th
e
d
efau
lt
JT
T
+
C
A
T
evolu
tion
ary
m
od
elan
d
Sh
im
od
aira
–H
asegaw
a
local
su
p
p
orts
[60].
A
ll
p
h
yloge-
n
om
ic
trees
w
ere
rooted
at
th
e
m
id
p
oin
t
an
d
an
n
otated
u
sin
g
th
e
iT
O
L
w
ebsite
[61]
(F
igs
2
–5).A
bin
ary
m
atrix
w
as
gen
erated
for
th
e
p
resen
ce/absen
ce
of
allorth
ologu
e
clu
sters
across
all
strain
s
w
ith
in
each
sp
ecies
accessory
gen
om
e.
E
ach
sp
ecies
m
atrix
w
as
m
ap
p
ed
on
to
th
e
corresp
on
d
in
g
in
trasp
ecific
su
p
erm
atrix
p
h
ylogen
y
an
d
D
ollo
p
arsim
on
y
F
ig
.
2
.
A
p
p
ro
xim
a
te
m
a
xim
u
m
-lik
e
lih
o
o
d
su
p
e
rm
a
trix
p
h
ylo
g
e
n
y
o
f
th
e
S
acch
arom
yces
cerevisiae
p
a
n
-g
e
n
o
m
e
d
a
ta
se
t
b
a
se
d
o
n
4
3
1
1
co
re
o
rth
o
lo
g
u
e
clu
ste
rs.
S
acch
arom
yces
cerevisiae
p
o
p
u
la
tio
n
s
a
re
a
s
a
ssig
n
e
d
b
y
S
tro
p
e
et
al.,
clin
ica
l
stra
in
s
a
re
in
d
ica
te
d
b
y
re
d
b
ra
n
ch
es.
N
u
m
b
e
rs
b
e
lo
w
b
ra
n
ch
e
s
re
fe
r
to
S
h
im
o
d
a
ira
–
H
a
se
g
a
w
a
lo
ca
l
su
p
p
o
rts,
m
a
xim
u
m
su
p
p
o
rts
a
re
in
d
ica
te
d
b
y
a
ste
risk
s.
D
o
llo
p
a
rsim
on
y
a
n
a
lysis
o
f
g
e
n
e
m
o
d
e
l
g
a
in
/lo
ss
e
ve
n
ts
is
a
n
n
o
ta
te
d
a
b
o
ve
b
ra
n
ch
e
s
in
g
re
e
n
a
n
d
o
ra
n
g
e
,re
sp
e
ctively.
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an
alysis
w
as
p
erform
ed
on
each
m
atrix
u
sin
g
C
ou
n
t
(F
igs
2
–5)
[62,
63].
O
rth
ologu
e
gain
an
d
loss
even
ts
w
ere
m
an
u
ally
an
n
otated
on
to
each
in
trasp
ecific
p
h
ylogen
y.
F
u
n
ctio
n
a
l
a
n
n
o
ta
tio
n
a
n
d
G
O
e
n
rich
m
e
n
t
a
n
a
ly
s
is
o
f
fu
n
g
a
l
s
p
e
cie
s
p
a
n
-g
e
n
o
m
e
s
P
fam
,
In
terP
ro
an
d
G
O
an
n
otation
for
all
fou
r
fu
n
gal
d
ata-
sets
w
as
carried
ou
t
u
sin
g
In
terP
roScan
[64
–67].
T
h
e
total
n
u
m
bers
of
p
rotein
s
w
ith
at
least
on
e
an
n
otation
p
er
d
ata-
base
from
th
e
origin
al
p
u
tative
p
rotein
sets
p
er
sp
ecies
are
given
in
T
able
1.E
n
rich
m
en
t
an
alysis
of
G
O
term
s
w
as
car-
ried
ou
t
for
th
e
core
an
d
accessory
com
p
lem
en
ts
of
each
sp
ecies’
p
an
-gen
om
e
by
m
ap
p
in
g
all
G
O
term
s
p
er
sp
ecies
to
th
eir
sp
ecies
G
O
-slim
cou
n
terp
arts
(or
to
th
e
gen
eral
G
O
-slim
term
basket
for
C
ryptococcu
s
n
eoform
an
s
var.
gru
-
bii)
an
d
p
erform
in
g
a
F
isch
er’s
exact
test
an
alysis
w
ith
F
ig
.
3
.
A
p
p
ro
xim
a
te
m
a
xim
u
m
-lik
e
lih
o
o
d
su
p
e
rm
a
trix
p
h
ylo
g
e
n
y
o
f
th
e
C
an
d
id
a
alb
ican
s
p
a
n
-g
e
n
o
m
e
d
a
ta
se
t
b
a
se
d
o
n
4
3
2
7
co
re
o
rth
o
lo
g
u
e
clu
ste
rs.
N
u
m
b
e
rs
b
e
lo
w
b
ra
n
ch
e
s
re
fe
r
to
S
h
im
o
d
a
ira
–
H
a
se
g
a
w
a
lo
ca
l
su
p
p
o
rts,
m
a
xim
u
m
su
p
p
o
rts
a
re
in
d
ica
te
d
b
y
a
ste
risk
s.D
o
llo
p
a
rsim
o
n
y
a
n
a
lysis
o
f
g
e
n
e
m
o
d
e
l
g
a
in
/lo
ss
e
ve
n
ts
is
a
n
n
o
ta
te
d
a
b
o
ve
b
ra
n
ch
e
s
in
g
re
e
n
a
n
d
o
ra
n
g
e
,re
sp
e
ctive
ly.
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p
aren
t
term
p
rop
agation
an
d
false
d
iscovery
rate
correction
(P
<
0.05)
for
all
com
p
lem
en
ts
u
sin
g
th
e
P
yth
on
p
ackage
G
O
A
tools
(T
able
S2)
[67
–69].
F
alse
d
iscovery
rate
correc-
tion
w
as
ap
p
lied
for
all
F
isch
er’s
exact
tests
in
G
O
A
tools
u
sin
g
a
P
valu
e
d
istribu
tion
gen
erated
from
500
resam
p
led
P
valu
es.
P
u
ta
tiv
e
a
n
ce
s
tra
l
h
is
to
ry
o
f
fu
n
g
a
l
co
re
a
n
d
a
cce
s
s
o
ry
g
e
n
o
m
e
s
T
h
e
p
u
tative
evolu
tion
ary
h
istory
of
fu
n
gal
core
an
d
acces-
sory
gen
om
es
w
as
an
alysed
by
qu
eryin
g
all
gen
e
m
od
els
p
er
sp
ecies
again
st
a
>
5
m
illion
p
rotein
d
ataset
sam
p
led
from
1109
bacterial
an
d
488
arch
aeal
gen
om
es
obtain
ed
from
U
n
iP
rot,u
sin
g
B
L
A
ST
P
w
ith
an
E
valu
e
cu
t-off
of
10
"
2
0
[70].
G
en
e
m
od
els
w
ere
filtered
by
th
eir
an
cestral
h
istory
in
to
th
ree
classification
s
u
sin
g
th
e
follow
in
g
criteria.
(i)
G
en
e
m
od
els
w
h
ose
h
its
w
ere
exclu
sively
from
bacterial
or
arch
aeal
sequ
en
ces
w
ere
classified
as
‘bacterial’or
‘arch
aeal’
in
origin
,
resp
ectively.
(ii)
G
en
e
m
od
els
w
h
ose
h
its
con
tain
ed
both
bacterialan
d
arch
aealseq
u
en
ces
w
ere
classi-
fied
as
‘u
n
d
efin
ed
p
rokaryote
’
in
origin
.
(iii)
G
en
e
m
od
els
th
at
d
id
n
ot
h
it
an
y
p
rotein
sequ
en
ce
in
th
e
d
ataset
w
ere
classified
as
‘eu
karyotic
’
in
origin
(T
able
S3).
P
earson
’s
!
2
tests
w
ere
carried
ou
t
to
d
eterm
in
e
th
e
sign
ifican
ce
of
p
ro-
karyote
an
d
eu
karyote
origin
frequ
en
cies
w
ith
in
th
e
com
-
p
lem
en
ts
of
each
sp
ecies
p
an
-gen
om
e
[68]
(T
able
S3).
E
x
te
n
t
o
f
H
G
T
in
fu
n
g
a
l
a
cce
s
s
o
ry
g
e
n
o
m
e
s
T
h
e
exten
t
of
H
G
T
in
each
fu
n
gal
accessory
gen
om
e
w
as
assessed
by
ran
d
om
ly
selectin
g
rep
resen
tative
gen
e
m
od
els
from
each
accessory
clu
ster
an
d
search
in
g
th
ese
u
sin
g
B
L
A
ST
P
w
ith
an
E
valu
e
cu
t-off
of
1e
"
2
0
again
st
a
d
ataset
rep
-
resen
tative
of
fu
lly
sequ
en
ced
p
rokaryotic
an
d
eu
karyotic
sp
ecies.T
h
is
d
ataset
w
as
com
p
osed
of
over
8
m
illion
p
rotein
sequ
en
ces
from
1698
gen
om
es
sam
p
led
from
all
th
ree
d
om
ain
s
of
life
th
at
h
ad
been
u
sed
in
p
reviou
s
in
terd
om
ain
H
G
T
an
alysis
[71],
as
w
ell
as
all
p
red
icted
gen
e
m
od
els
p
er
sp
ecies
d
ataset.
P
u
tative
in
terd
om
ain
H
G
T
even
ts
w
ere
F
ig
.
4
.
A
p
p
ro
xim
a
te
m
a
xim
u
m
-lik
e
lih
o
o
d
su
p
e
rm
a
trix
p
h
ylo
g
e
n
y
o
f
th
e
C
ryp
tococcu
s
n
eoform
an
s
va
r.
g
ru
b
ii
p
a
n
-g
e
n
o
m
e
d
a
ta
se
t
b
a
se
d
o
n
4
5
1
2
co
re
o
rth
o
lo
g
u
e
clu
ste
rs.
N
u
m
b
e
rs
b
e
lo
w
b
ra
n
ch
e
s
re
fe
r
to
S
h
im
o
d
a
ira
–
H
a
se
g
a
w
a
lo
ca
l
su
p
p
o
rts,
m
a
xim
u
m
su
p
p
o
rts
a
re
in
d
ica
te
d
b
y
a
ste
risk
s.D
o
llo
p
a
rsim
o
n
y
a
n
a
lysis
o
f
g
e
n
e
m
o
d
e
l
g
a
in
/lo
ss
e
ve
n
ts
is
a
n
n
o
ta
te
d
a
b
o
ve
b
ra
n
ch
e
s
in
g
re
e
n
a
n
d
o
ra
n
g
e
,
re
sp
e
ctive
ly.
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id
en
tified
by
locatin
g
gen
e
m
od
els
w
h
ose
first
top
h
it
ou
t-
sid
e
eith
er
th
e
sequ
en
ce
’s
sou
rce
sp
ecies
or
gen
u
s
w
as
p
ro-
karyotic
in
origin
.
P
u
tative
H
G
T
even
ts
id
en
tified
by
eith
er
filter
are
given
p
er
sp
ecies
in
T
able
S3.
P
u
tative
in
trakin
g-
d
om
fu
n
gal
H
G
T
even
ts
w
ere
id
en
tified
by
filterin
g
th
e
sam
e
B
L
A
ST
P
ou
tp
u
t
for
gen
e
m
od
els
w
h
ose
first
top
h
it
ou
t-
sid
e
th
e
sequ
en
ce
’s
sou
rce
sp
ecies
w
as
fu
n
gal
in
origin
bu
t
n
ot
from
th
e
sam
e
gen
u
s
(T
able
S3).
C
h
ro
m
o
s
o
m
a
l
lo
ca
tio
n
o
f
co
re
a
n
d
a
cce
s
s
o
ry
g
e
n
e
m
o
d
e
ls
in
s
p
e
cie
s
re
fe
re
n
ce
g
e
n
o
m
e
s
P
earson
’s
!
2
tests
w
ere
carried
ou
t
for
th
e
globalfrequ
en
cies
of
core
an
d
accessory
gen
e
m
od
els
alon
g
th
e
su
bterm
in
al
region
s
of
ch
rom
osom
es,
w
h
ich
w
e
d
efin
ed
as
ap
p
roxi-
m
ately
th
e
first
an
d
last
10
%
of
each
ch
rom
osom
e,
in
each
referen
ce
gen
om
e
(T
able
S4).
P
earson
’s
!
2
tests
w
ere
also
carried
ou
t
for
th
e
frequ
en
cies
of
core
an
d
accessory
gen
e
m
od
els
p
er
ch
rom
osom
e
for
each
referen
ce
gen
om
e
(T
able
S4)
[68].
T
h
e
ch
rom
osom
al
location
s
of
core
an
d
accessory
gen
e
m
od
els
alon
g
each
referen
ce
gen
om
e
w
ere
visu
alized
u
sin
g
th
e
R
u
by
softw
are
P
h
en
oG
ram
[72].
D
is
trib
u
tio
n
o
f
k
n
o
ck
o
u
t
v
ia
b
ility
p
h
e
n
o
ty
p
e
s
in
S
a
cch
a
ro
m
y
ce
s
ce
re
v
is
ia
e
S
2
8
8
C
A
ll
available
kn
ockou
t
p
h
en
otyp
e
d
ata
for
Saccharom
yces
cerevisiae
S288C
w
ere
obtain
ed
from
th
e
SG
D
[73].A
recip
-
rocal
B
L
A
ST
P
search
w
as
carried
ou
t
betw
een
all5815
Saccha-
rom
yces
cerevisiae
S288C
gen
e
m
od
els
from
ou
r
Saccharom
yces
cerevisiae
p
an
-gen
om
e
d
ataset
an
d
th
e
refer-
en
ce
p
rotein
set
for
Saccharom
yces
cerevisiae
S288C
w
ith
an
E
valu
e
cu
t-off
of
10
"
2
0
to
m
atch
p
red
icted
p
rotein
s
to
orth
ologu
es
from
th
e
referen
ce
p
rotein
set.
K
n
ockou
t
p
h
e-
n
otyp
e
viability
d
ata,if
available,w
as
th
en
in
ferred
for
each
of
ou
r
Saccharom
yces
cerevisiae
S288C
gen
e
m
od
els
th
at
h
ad
a
recip
rocal
referen
ce
orth
ologu
e.
P
earson
’s
!
2
tests
w
ere
carried
ou
t
for
th
e
frequ
en
cies
of
kn
ockou
t
p
h
en
otyp
e
viability
in
both
th
e
core
an
d
accessory
gen
om
es
of
Saccha-
rom
yces
cerevisiae
S288C
(T
able
S5).
D
is
trib
u
tio
n
o
f
‘d
is
p
e
n
s
a
b
le
p
a
th
w
a
y
’
(D
P
)
g
e
n
e
s
in
th
e
S
a
cch
a
ro
m
y
ce
s
ce
re
v
is
ia
e
p
a
n
-g
e
n
o
m
e
D
ata
for
14
D
P
gen
e
clu
sters
con
tain
in
g
41
gen
es
fou
n
d
in
Saccharom
yces
cerevisiae
w
as
taken
from
a
p
reviou
sly
T
a
b
le
1
.
N
u
m
b
e
r
o
f
g
e
n
e
m
o
d
e
ls
in
o
u
r
fo
u
r
fu
n
g
a
l
p
a
n
-g
e
n
o
m
e
d
a
ta
se
ts
w
ith
a
t
le
a
st
o
n
e
a
n
n
o
ta
tio
n
te
rm
p
e
r
a
n
n
o
ta
tio
n
typ
e
P
e
rce
n
ta
g
e
o
f
a
n
n
o
ta
te
d
g
e
n
e
m
o
d
e
ls
re
la
tive
to
p
a
n
-g
e
n
o
m
e
d
a
ta
se
ts
sh
o
w
n
in
p
a
re
n
th
e
se
s.
Sp
ecies
P
fam
In
terP
ro
G
O
Saccharom
yces
cerevisiae
468
511
(81
%
)
455
582
(79
%
)
312
161
(54
%
)
C
an
dida
albican
s
161
235
(79
%
)
155
271
(76
%
)
105
694
(52
%
)
C
ryptococcu
s
n
eoform
an
s
111
305
(65
%
)
106
655
(63
%
)
72
243
(42
%
)
A
spergillu
s
fu
m
igatu
s
83
239
(71
%
)
79
231
(68
%
)
54
457
(46
%
)
F
ig
.
5
.
A
p
p
ro
xim
a
te
m
a
xim
u
m
-lik
e
lih
o
o
d
su
p
e
rm
a
trix
p
h
ylo
g
e
n
y
o
f
th
e
A
sp
erg
illu
s
fu
m
ig
atu
s
p
a
n
-g
e
n
o
m
e
d
a
ta
se
t
b
a
se
d
o
n
5
7
2
4
co
re
o
rth
o
lo
g
u
e
clu
ste
rs.
N
u
m
b
e
rs
b
e
lo
w
b
ra
n
ch
e
s
re
fe
r
to
S
h
im
o
d
a
ira
–
H
a
se
g
a
w
a
lo
ca
l
su
p
p
o
rts,
m
a
xim
u
m
su
p
p
o
rts
a
re
in
d
ica
te
d
b
y
a
ste
risk
s.D
o
llo
p
a
rsim
o
n
y
a
n
a
lysis
o
f
g
e
n
e
m
o
d
e
l
g
a
in
/lo
ss
e
ve
n
ts
is
a
n
n
o
ta
te
d
a
b
o
ve
b
ra
n
ch
e
s
in
g
re
e
n
a
n
d
o
ra
n
g
e
,re
sp
e
ctive
ly.
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p
u
blish
ed
an
alysis
of
biotin
reacqu
isition
in
yeast
sp
ecies
[74].A
totalof
38
D
P
gen
es
w
ere
extracted
from
th
e
Saccha-
rom
yces
cerevisiae
S288C
referen
ce
p
rotein
set,
en
com
p
ass-
in
g
13
of
th
e
14
D
P
clu
sters.A
recip
rocal
B
L
A
ST
P
search
w
as
p
erform
ed
betw
een
th
ese
gen
es
an
d
all
5815
Saccharom
yces
cerevisiae
S288C
gen
e
m
od
els
from
th
e
Saccharom
yces
cere-
visiae
p
an
-gen
om
e
d
ataset
w
ith
an
E
valu
e
cu
t-off
of
10
"
2
0
to
id
en
tify
D
P
gen
es
in
ou
r
p
red
icted
gen
e
m
od
el
set.A
ll
38
D
P
gen
es
h
ad
a
u
n
iqu
e
recip
rocal
m
atch
w
ith
a
p
red
icted
gen
e
m
od
el
in
Saccharom
yces
cerevisiae
S288C
.
A
bin
ary
m
atrix
w
as
gen
erated
for
th
e
p
resen
ce/absen
ce
of
syn
ten
ic
orth
ologu
es
of
D
P
gen
es
from
Saccharom
yces
cerevisiae
S288C
in
th
e
Saccharom
yces
cerevisiae
p
an
-gen
om
e
d
ataset
(T
able
S5).
F
ig
.
6
.
P
a
n
-g
e
n
o
m
es
o
f
fo
u
r
fu
n
g
a
l
sp
e
cie
s.
(a
)
S
acch
arom
yces
cerevisiae,
(b
)
C
an
d
id
a
alb
ican
s,
(c)
C
ryp
tococcu
s
n
eoform
an
s
va
r.
g
ru
b
ii,
(d
)
A
sp
erg
illu
s
fu
m
ig
atu
s.
T
h
e
rin
g
ch
a
rts
re
p
re
se
n
t
th
e
to
ta
l
n
u
m
b
e
r
o
f
g
e
n
e
m
o
d
e
ls
in
p
a
n
-g
e
n
o
m
e
co
m
p
le
m
e
n
ts
e
xp
re
sse
d
a
s
a
p
ro
-
p
o
rtio
n
o
f
to
ta
l
p
a
n
-g
e
n
o
m
e
size
.
S
e
ctio
n
s
in
d
a
rk
-re
d
re
p
re
se
n
t
d
u
p
lica
te
d
co
re
g
e
n
e
m
o
d
e
ls
in
th
e
a
cce
sso
ry
g
e
n
o
m
e
.
M
cC
a
rth
y
a
n
d
F
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a
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D
is
trib
u
tio
n
o
f
b
io
s
y
n
th
e
tic
g
e
n
e
clu
s
te
rs
(B
G
C
s
)
in
th
e
A
s
p
e
rg
illu
s
fu
m
ig
a
tu
s
p
a
n
-g
e
n
o
m
e
D
ata
for
33
kn
ow
n
B
G
C
s
en
com
p
assin
g
307
gen
es
in
A
sper-
gillu
s
fu
m
igatu
s
A
f293
w
ere
obtain
ed
from
a
p
reviou
s
an
aly-
sis
of
secon
d
ary
m
etabolism
in
A
spergillu
s
fu
m
igatu
s
[75].
A
spergillu
s
fu
m
igatu
s
A
f293
gen
e
m
od
els
from
th
e
A
spergil-
lu
s
fu
m
igatu
s
p
an
-gen
om
e
d
ataset
w
ere
m
atch
ed
to
th
eir
h
om
ologu
es
from
th
e
referen
ce
gen
e
d
ata
set
u
sin
g
a
recip
-
rocal
B
L
A
ST
P
search
w
ith
an
E
valu
e
cu
t-off
of
10
"
2
0.
A
bin
ary
m
atrix
w
as
con
stru
cted
for
th
e
p
resen
ce/absen
ce
of
syn
ten
ic
orth
ologu
es
of
th
e
307
p
u
tative
B
G
C
gen
es
from
A
spergillu
s
fu
m
igatu
s
A
f293
w
ith
in
th
e
A
spergillu
s
fu
m
iga-
tu
s
p
an
-gen
om
e
d
ataset
(T
able
S5).
R
E
S
U
L
T
S
A
n
a
ly
s
is
o
f
th
e
S
a
cch
a
ro
m
y
ce
s
ce
re
v
is
ia
e
p
a
n
-
g
e
n
o
m
e
O
verall,
575
940
gen
e
m
od
els
w
ere
p
red
icted
across
all
100
Saccharom
yces
cerevisiae
strain
s
w
ith
a
m
ean
of
5759
gen
e
m
od
els
p
red
icted
p
er
strain
(T
ables
2
an
d
S1).
T
h
ese
575
940
gen
e
m
od
els
w
ere
d
istribu
ted
across
7750
u
n
iqu
e
syn
ten
ic
orth
ologu
e
clu
sters
(T
able
2).
T
h
e
core
Saccharo-
m
yces
cerevisiae
gen
om
e
con
tain
ed
4900
gen
e
m
od
els,
w
h
ich
w
ere
con
served
across
100
Saccharom
yces
cerevisiae
strain
s
(490
000
gen
e
m
od
els
in
total,
85
%
of
th
e
total
sp
e-
cies
p
an
-gen
om
e).F
or
in
d
ivid
u
alstrain
gen
om
es,th
is
corre-
sp
on
d
ed
to
betw
een
83
an
d
90
%
of
th
eir
total
p
red
icted
gen
e
m
od
el
con
ten
t
(F
ig.
6a,
T
able
S1).
T
h
e
rem
ain
in
g
85
940
p
red
icted
gen
e
m
od
els
w
ere
accessory
gen
e
m
od
els,
d
istribu
ted
across
2850
clu
sters,
w
ith
strain
accessory
gen
om
e
sizes
ran
gin
g
from
518
to
967
gen
e
m
od
els
p
er
Sac-
charom
yces
cerevisiae
strain
(m
ean
size
=
~
859
gen
e
m
od
els).
F
u
rth
er
an
alysis
of
th
e
Saccharom
yces
cerevisiae
sp
ecies
accessory
gen
om
e
id
en
tified
th
at
~
32
%
of
accessory
gen
e
m
od
els
(776
clu
sters,
4.77
%
of
th
e
total
sp
ecies
p
an
-
gen
om
e)
w
ere
d
u
p
licates
of
core
gen
e
m
od
els
con
served
across
on
e
or
m
ore
strain
s.T
h
is
corresp
on
d
ed
to
a
m
ean
of
275
gen
e
m
od
els
p
er
Saccharom
yces
cerevisiae
strain
,
an
d
27
511
gen
e
m
od
els
in
total
(T
ables
2
an
d
S1).
O
verall,
455
syn
ten
ic
clu
sters
(en
com
p
assin
g
45
045
accessory
gen
e
m
od
els)
w
ere
m
issin
g
a
syn
ten
ic
orth
ologu
e
in
on
ly
on
e
oth
er
strain
an
d
1416
accessory
gen
e
m
od
els
w
ere
sin
gle-
ton
s.
A
n
alysis
of
th
e
d
istribu
tion
of
orth
ologu
es
w
ith
in
th
e
Saccharom
yces
cerevisiae
accessory
gen
om
e
u
sin
g
th
e
R
p
ackage
U
p
SetR
sh
ow
ed
th
at
th
e
m
ost
frequ
en
t
sets
are
sin
-
gleton
gen
e
m
od
els
or
syn
ten
ic
clu
sters
m
issin
g
a
syn
ten
ic
orth
ologu
e
in
on
e
strain
,w
ith
Y
P
S163
h
avin
g
th
e
m
ost
sin
-
gleton
gen
es
(74
in
total)
(F
ig.
S3).
O
th
er
strain
s
(e.g.
Y
JM
1477)
lacked
sin
gleton
gen
e
m
od
els
altogeth
er
(F
ig.
2).
T
h
ere
w
ere
13
756
gen
e
m
od
els
(from
1935
syn
ten
ic
clu
s-
ters)
th
at
d
id
n
ot
h
ave
a
syn
ten
ic
orth
ologu
e
in
Saccharom
y-
ces
cerevisiae
S288C
.
O
f
th
ese
n
on
-referen
ce
gen
e
m
od
els,
1385
w
ere
sin
gleton
gen
e
m
od
els
fou
n
d
on
ly
in
on
e
strain
.
T
h
e
w
id
est-d
istribu
ted
n
on
-referen
ce
gen
e
m
od
el
w
as
p
res-
en
t
in
93
strain
s
an
d
th
ere
w
as
n
o
accessory
gen
e
m
od
el
solely
m
issin
g
from
Saccharom
yces
cerevisiae
S288C
.
Y
P
S163
h
ad
th
e
sm
allest
accessory
gen
om
e
of
th
e
100
yeast
strain
s
(518
gen
e
m
od
els)
an
d
Y
JM
271
h
ad
th
e
largest
(967
gen
e
m
od
els)
(F
ig.2).
P
h
ylogen
om
ic
recon
stru
ction
of
all100
Saccharom
yces
cere-
visiae
strain
s
resolved
tw
o
m
ajor
grou
p
s;
a
clad
e
con
tain
in
g
strain
s
an
d
m
osaics
d
erived
from
M
alaysian
,
W
est
A
frican
,
N
orth
A
m
erican
an
d
sake
p
op
u
lation
s,an
d
a
clad
e
con
tain
-
in
g
strain
s
an
d
m
osaics
d
erived
from
w
in
e/E
u
rop
ean
p
op
u
-
lation
s
(F
ig.
2).
E
ach
of
th
e
n
on
-m
osaic
p
op
u
lation
s
as
assign
ed
by
Strop
e
et
al.
[50]
p
resen
t
in
th
e
d
ataset
(excep
t
th
e
sin
gleton
M
alaysian
strain
Y
JM
1447)
resolved
to
a
m
on
op
h
yletic
geograp
h
icalgrou
p
[50];th
e
p
lacem
en
t
of
th
e
m
osaic
laboratory
strain
SK
-1
in
a
W
est
A
frican
clad
e
is
con
sisten
t
w
ith
its
W
est
A
frican
origin
[76],an
d
th
e
clin
ical
m
osaic
strain
Y
JM
1311
is
of
p
red
om
in
an
tly
w
in
e/E
u
rop
ean
an
cestry;h
en
ce,its
p
lacem
en
t
at
th
e
base
of
th
e
w
in
e/E
u
ro-
p
ean
clad
e
[50]
(F
ig.
2).
M
an
y
of
th
e
rem
ain
in
g
m
osaic
strain
s
bran
ch
ed
close
to
n
on
-m
osaic
clad
es
th
at
sh
ared
th
eir
d
om
in
an
t
p
op
u
lation
fraction
as
d
eterm
in
ed
by
Strop
e
et
al.
[50];
for
exam
p
le,
m
an
y
of
th
e
clin
ical
m
osaic
strain
s
p
laced
ad
jacen
t
to
th
e
sake
clad
e
h
ad
p
red
om
in
an
tly
sake
p
op
u
lation
an
cestry
[50]
(F
ig.
2).
T
h
ree
strain
s
(Y
JM
248,
Y
JM
1252,
Y
JM
1078)
id
en
tified
by
Strop
e
et
al.
[50]
as
h
av-
in
g
a
h
igh
er
relative
p
rop
ortion
of
in
trogressed
gen
es
th
an
oth
er
Saccharom
yces
cerevisiae
strain
s
(p
oten
tially
arisin
g
from
recen
t
h
ybrid
ization
w
ith
Saccharom
yces
paradoxu
s)
form
ed
a
m
on
op
h
yletic
bran
ch
w
ith
in
th
e
p
reviou
sly
d
escribed
w
in
e/E
u
rop
ean
clad
e
[50].
A
n
a
ly
s
is
o
f
th
e
C
a
n
d
id
a
a
lb
ica
n
s
p
a
n
-g
e
n
o
m
e
A
total
of
203
786
gen
e
m
od
els
w
ere
p
red
icted
across
all
34
C
an
dida
albican
s
strain
gen
om
es,w
ith
a
m
ean
of
5993
gen
e
m
od
els
p
red
icted
p
er
strain
,
d
istribu
ted
across
7325
u
n
iqu
e
T
a
b
le
2
.
P
a
n
-g
e
n
o
m
es
o
f
fo
u
r
fu
n
g
a
l
sp
e
cie
s:
S
acch
arom
yces
cerevisiae,
C
an
d
id
a
alb
ican
s,
C
ryp
tococcu
s
n
eoform
an
s
va
r.
g
ru
b
ii
a
n
d
A
sp
erg
illu
s
fu
m
ig
atu
s
D
u
p
lica
te
d
co
re
g
e
n
e
m
o
d
e
ls
(G
M
s)
a
n
d
clu
ste
rs
in
th
e
a
cce
sso
ry
g
e
n
o
m
e
s
a
re
g
ive
n
in
p
a
re
n
th
e
se
s.
Sp
ecies
Strain
s
C
o
re
gen
o
m
e
A
ccesso
ry
gen
o
m
e
P
an
-gen
o
m
e
G
M
s
C
lu
sters
G
M
s
C
lu
sters
G
M
s
C
lu
sters
Saccharom
yces
cerevisiae
100
490
000
4900
85
940
(27
511)
2850
(776)
575
940
7750
C
an
dida
albican
s
34
184
688
5432
19
098
(7312)
1893
(1013)
203786
7325
C
ryptococcu
s
n
eoform
an
s
25
137
150
5486
33
091
(9974)
2698
(776)
170241
8193
A
spergillu
s
fu
m
igatu
s
12
96
876
8073
19
435
(8127)
3002
(1170)
116
311
11
075
M
cC
a
rth
y
a
n
d
F
itzp
a
trick
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syn
ten
ic
orth
ologu
e
clu
sters
(T
ables
2
an
d
S1).
T
h
e
core
C
an
dida
albican
s
gen
om
e
con
tain
ed
5432
gen
e
m
od
els
th
at
w
ere
con
served
across
34
C
an
dida
albican
s
strain
s
(184
688
in
total,
90
%
of
th
e
total
sp
ecies
p
an
-gen
om
e).
T
h
is
corre-
sp
on
d
ed
to
betw
een
89
an
d
91
%
of
th
e
total
p
red
icted
gen
e
m
od
els
for
each
strain
gen
om
e
(F
ig.
6b
,
T
able
S1).
T
h
e
rem
ain
in
g
19
098
p
red
icted
gen
e
m
od
els
w
ere
accessory
gen
e
m
od
els,
d
istribu
ted
across
1893
clu
sters,
w
ith
strain
accessory
gen
om
e
sizes
ran
gin
g
from
487
to
622
gen
e
m
od
-
els
p
er
C
an
dida
albican
s
strain
(m
ean
size
=
~
561
gen
e
m
od
-
els)
(T
ables
2
an
d
S1).
F
u
rth
er
an
alysis
of
th
e
C
an
dida
albican
s
sp
ecies
accessory
gen
om
e
id
en
tified
th
at
~
38
%
of
accessory
gen
e
m
od
els
(1013
clu
sters,
~
3.59
%
of
th
e
total
sp
ecies
p
an
-gen
om
e)
w
ere
d
u
p
licates
of
core
gen
e
m
od
els
con
served
across
on
e
or
m
ore
strain
s.T
h
is
corresp
on
d
ed
to
a
m
ean
of
215
gen
e
m
od
els
p
er
C
an
dida
albican
s
strain
,an
d
7312
gen
e
m
od
els
in
total
(T
ables
2
an
d
S1).
O
f
th
e
19
098
C
an
dida
albican
s
accessory
gen
e
m
od
els
id
en
tified
,
3624
accessory
gen
e
m
od
els
(from
268
syn
ten
ic
clu
sters)
w
ere
m
issin
g
a
syn
ten
ic
orth
ologu
e
in
on
ly
on
e
oth
er
strain
,w
h
ile
928
gen
e
m
od
els
w
ere
sin
gleton
s.
U
p
Set
an
alysis
of
th
e
d
is-
tribu
tion
of
orth
ologu
es
w
ith
in
th
e
C
an
dida
albican
s
acces-
sory
gen
om
e
sh
ow
ed
th
at
1056
gen
e
m
od
els
(32
syn
ten
ic
clu
sters)
from
33
C
an
dida
albican
s
strain
s
w
ere
m
issin
g
an
orth
ologu
e
in
C
an
dida
albican
s
W
O
-1
an
d
C
an
dida
albi-
can
s
3153A
h
ad
53
p
u
tative
gen
e
m
od
els
w
ith
n
o
orth
ologu
e
in
an
y
oth
er
strain
(F
ig.S4).SC
5314
h
ad
th
e
sm
allest
n
u
m
-
ber
of
sin
gleton
gen
e
m
od
els
(n
in
e
in
total).
C
an
dida
albi-
can
s
A
48
h
ad
th
e
largest
accessory
gen
om
e
(622
gen
e
m
od
els)
an
d
C
an
dida
albican
s
C
a6
h
ad
th
e
sm
allest
(487
gen
e
m
od
els)
(F
ig.
3).
P
h
ylogen
om
ic
recon
stru
ction
of
all
34
C
an
dida
albican
s
strain
s
resolved
tw
o
m
ain
grou
p
s
w
h
en
rooted
at
th
e
m
id
p
oin
t;
on
e
con
tain
in
g
th
e
exem
p
lar
M
T
L
-
h
om
ozygou
s
strain
W
O
-1
an
d
a
lad
d
erized
grou
p
con
tain
-
in
g
th
e
referen
ce
strain
SC
5314
(F
ig.3).
A
n
a
ly
s
is
o
f
th
e
C
ry
p
to
co
ccu
s
n
e
o
fo
rm
a
n
s
v
a
r.
g
ru
b
ii
p
a
n
-g
e
n
o
m
e
A
total
of
170
241
gen
e
m
od
els
w
ere
p
red
icted
across
all
25
C
ryptococcu
s
n
eoform
an
s
var.
gru
bii
strain
gen
om
es,
w
ith
a
m
ean
of
6809
gen
e
m
od
els
p
red
icted
p
er
strain
,
d
istribu
ted
across
8193
u
n
iqu
e
syn
ten
ic
orth
ologu
e
clu
sters
(T
ables
2
an
d
S1).
T
h
e
core
C
ryptococcu
s
n
eoform
an
s
var.
gru
bii
gen
om
e
con
tain
ed
5486
gen
e
m
od
els
th
at
w
ere
con
served
across
25
C
ryptococcu
s
n
eoform
an
s
var.
gru
bii
strain
s
(137
150
in
total,
80
%
of
th
e
total
sp
ecies
p
an
-gen
om
e).
T
h
is
corresp
on
d
ed
to
betw
een
76
an
d
85
%
of
th
e
total
p
re-
d
icted
gen
e
m
od
els
for
each
strain
gen
om
e
(F
ig.
6c,
T
able
S1).
T
h
e
rem
ain
in
g
33
091
p
red
icted
gen
e
m
od
els
w
ere
accessory
gen
e
m
od
els
d
istribu
ted
across
2698
clu
sters,
w
ith
strain
accessory
gen
om
e
sizes
ran
gin
g
from
964
to
1654
gen
e
m
od
els
p
er
C
ryptococcu
s
n
eoform
an
s
var.
gru
bii
strain
(m
ean
size
=
~
1334
gen
e
m
od
els)
(T
able
S1).D
etailed
an
alysis
of
th
e
C
ryptococcu
s
n
eoform
an
s
var.
gru
bii
sp
ecies
accessory
gen
om
e
id
en
tified
th
at
~
29
%
of
accessory
gen
e
m
od
els
(776
clu
sters,
~
5.8
%
of
th
e
total
sp
ecies
p
an
-
gen
om
e)
w
ere
d
u
p
licates
of
core
gen
e
m
od
els
con
served
across
on
e
or
m
ore
strain
s.T
h
is
corresp
on
d
ed
to
a
m
ean
of
~
391
gen
e
m
od
els
p
er
C
ryptococcu
s
n
eoform
an
s
var.
gru
bii
strain
,
an
d
9794
gen
e
m
od
els
in
total
(T
ables
2
an
d
S1).
O
verall
674
C
ryptococcu
s
n
eoform
an
s
var.
gru
bii
clu
sters
(en
com
p
assin
g
16
032
accessory
gen
e
m
od
els)
w
ere
m
issin
g
a
syn
ten
ic
orth
ologu
e
in
on
ly
on
e
oth
er
strain
an
d
668
accessory
gen
e
m
od
els
w
ere
sin
gleton
s.
U
p
Set
an
alysis
of
th
e
d
istribu
tion
of
orth
ologu
es
w
ith
in
th
e
C
ryptococcu
s
n
eo-
form
an
s
var.
gru
bii
accessory
gen
om
e
sh
ow
ed
th
at
3600
gen
e
m
od
els
(150
syn
ten
ic
clu
sters)
from
24
C
ryptococcu
s
n
eoform
an
s
var.
gru
bii
strain
s
w
ere
m
issin
g
an
orth
ologu
e
in
C
ryptococcu
s
n
eoform
an
s
var.
gru
bii
M
W
R
SA
852,
w
h
ereas
th
e
C
ryptococcu
s
n
eoform
an
s
var.
gru
bii
A
1358
gen
om
e
h
ad
49
p
u
tative
gen
e
m
od
els
w
ith
n
o
orth
ologu
e
in
an
y
oth
er
strain
(F
ig.
S5).
K
N
99
h
ad
n
o
sin
gleton
gen
e
m
od
els,bu
t
it
sh
ou
ld
be
n
oted
th
at
th
at
strain
is
an
isogen
ic
d
erivative
of
th
e
referen
ce
H
99
strain
.
C
ryptococcu
s
n
eofor-
m
an
s
var.gru
bii
H
99
itself
h
ad
th
e
largest
accessory
gen
om
e
(1590
gen
e
m
od
els)
an
d
C
ryptococcu
s
n
eoform
an
s
var.
gru
-
bii
M
W
-R
SA
852
h
ad
th
e
sm
allest
(964
gen
e
m
od
els)
(F
ig.
4).
T
h
e
m
ost
frequ
en
t
sets
fou
n
d
in
th
e
accessory
gen
om
e
in
clu
d
e
both
sin
gleton
gen
es
an
d
clu
sters
m
issin
g
orth
ologu
es
from
on
e
or
tw
o
strain
s.
P
h
ylogen
om
ic
recon
-
stru
ction
of
all
25
strain
s
u
sin
g
a
47
811-site
am
in
o
acid
su
p
erm
atrix
d
erived
from
th
e
core
C
ryptococcu
s
n
eoform
an
s
var.gru
bii
gen
om
e
resolved
tw
o
m
on
op
h
yletic
grou
p
s
w
h
en
rooted
at
th
e
m
id
p
oin
t
(F
ig.4).
A
n
a
ly
s
is
o
f
th
e
A
s
p
e
rg
illu
s
fu
m
ig
a
tu
s
p
a
n
-g
e
n
o
m
e
A
total
of
116
311
gen
e
m
od
els
w
ere
p
red
icted
across
all
12
A
spergillu
s
fu
m
igatu
s
strain
gen
om
es,
d
istribu
ted
across
11
075
u
n
iqu
e
syn
ten
ic
orth
ologu
e
clu
sters,
w
ith
a
m
ean
of
9692
gen
e
m
od
els
p
red
icted
p
er
strain
.T
h
e
core
A
spergillu
s
fu
m
igatu
s
gen
om
e
con
tain
ed
8073
core
gen
e
m
od
els
th
at
w
ere
con
served
across
12
A
spergillu
s
fu
m
igatu
s
strain
s
(96
876
in
total,83
%
of
th
e
total
sp
ecies
p
an
-gen
om
e).T
h
is
corresp
on
d
ed
to
betw
een
80
an
d
86
%
of
th
e
total
p
red
icted
gen
e
m
od
els
for
each
strain
gen
om
e
(F
ig.6d
,T
able
S1).T
h
e
rem
ain
in
g
19
435
p
red
icted
gen
e
m
od
els
w
ere
accessory
gen
e
m
od
els
d
istribu
ted
across
3002
clu
sters,
w
ith
strain
accessory
gen
om
e
sizes
ran
gin
g
from
1294
to
1964
gen
e
m
od
els
p
er
A
spergillu
s
fu
m
igatu
s
strain
(m
ean
size
=
~
1619
gen
e
m
od
els)
(T
able
S1).D
etailed
an
alysis
of
th
e
A
spergillu
s
fu
m
igatu
s
sp
ecies
accessory
gen
om
e
id
en
tified
th
at
~
41
%
of
accessory
gen
e
m
od
els
(1170
clu
sters,
~
6.9
%
of
th
e
total
sp
ecies
p
an
-gen
om
e)
w
ere
d
u
p
licates
of
core
gen
e
m
od
els
th
at
w
ere
con
served
across
on
e
or
m
ore
strain
s.T
h
is
corre-
sp
on
d
ed
to
a
m
ean
of
677
gen
e
m
od
els
p
er
A
spergillu
s
fu
m
i-
gatu
s
strain
,
an
d
8127
gen
e
m
od
els
in
total.
O
verall,
7953
gen
e
m
od
els
(from
958
syn
ten
ic
clu
sters)
w
ere
m
issin
g
a
syn
ten
ic
orth
ologu
e
in
on
ly
on
e
oth
er
strain
,
w
h
ereas
723
gen
e
m
od
els
w
ere
sin
gleton
s.
U
p
Set
an
alysis
of
th
e
orth
ologu
e
d
istribu
tion
in
th
e
A
sper-
gillu
s
fu
m
igatu
s
accessory
gen
om
e
fou
n
d
th
at
2167
gen
e
m
od
els
(197
syn
ten
ic
clu
sters)
from
11
A
spergillu
s
fu
m
iga-
tu
s
strain
s
w
ere
m
issin
g
an
orth
ologu
e
in
A
spergillu
s
fu
m
i-
gatu
s
IF
ISW
F
4
an
d
th
e
referen
ce
A
spergillu
s
fu
m
igatu
s
A
f293
gen
om
e
h
as
150
p
u
tative
gen
e
m
od
els
w
ith
n
o
M
cC
a
rth
y
a
n
d
F
itzp
a
trick
,
M
icrob
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G
en
om
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2
0
1
9
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1
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orth
ologu
e
in
an
y
oth
er
strain
(F
ig.
S6).
T
h
e
latter
m
ay
be
d
u
e
to
a
low
er
d
egree
of
strain
sam
p
lin
g
w
ith
in
th
e
A
spergil-
lu
s
fu
m
igatu
s
d
ataset
or
th
e
referen
ce
gen
om
e
h
avin
g
a
h
igh
er-qu
ality
assem
bly
th
an
oth
er
strain
s
of
A
spergillu
s
fu
m
igatu
s.T
h
e
Z
5
strain
h
as
th
e
sm
allest
n
u
m
ber
of
sin
gle-
ton
gen
e
m
od
els
(n
in
e
in
total).A
spergillu
s
fu
m
igatu
s
A
f293
h
as
th
e
largest
accessory
gen
om
e
(1964
gen
e
m
od
els)
an
d
A
spergillu
s
fu
m
igatu
s
H
M
R
A
F
706
h
as
th
e
sm
allest
(1294
gen
e
m
od
els)
(F
ig.
5).
P
h
ylogen
om
ic
recon
stru
ction
of
all
12
strain
s
u
sin
g
a
20
760-site
am
in
o
acid
su
p
erm
atrix
d
erived
from
th
e
core
A
spergillu
s
fu
m
igatu
s
gen
om
e
resolved
tw
o
m
on
op
h
yletic
grou
p
s
w
h
en
rooted
at
th
e
m
id
-
p
oin
t,
on
e
con
tain
in
g
both
In
tern
ation
al
Sp
ace
Station
strain
s
an
d
A
spergillu
s
fu
m
igatu
s
A
f10,
an
d
on
e
con
tain
in
g
allth
ree
en
viron
m
en
talstrain
s
as
w
ellas
A
spergillu
s
fu
m
iga-
tu
s
A
f293
an
d
A
f210
(F
ig.
5).
T
h
e
p
lacem
en
t
of
th
e
tw
o
In
tern
ation
al
Sp
ace
Station
strain
s
as
w
ell
as
th
e
aforem
en
-
tion
ed
in
d
ivid
u
al
clin
ical
strain
s
is
in
relative
agreem
en
t
w
ith
th
e
m
ost
exten
sive
in
trasp
ecific
A
spergillu
s
fu
m
igatu
s
p
h
ylogen
y
p
u
blish
ed
[77].
G
O
e
n
rich
m
e
n
t
in
fu
n
g
a
l
co
re
a
n
d
a
cce
s
s
o
ry
g
e
n
o
m
e
s
A
n
alysis
of
th
e
d
istribu
tion
of
G
O
term
s
in
fu
n
gal
core
gen
om
es
sh
ow
s
th
at
m
an
y
h
ou
sekeep
in
g
biological
p
ro-
cesses,su
ch
as
tran
slation
,n
u
cleic
acid
m
etabolism
an
d
oli-
gop
ep
tid
e
m
etabolism
,
are
sign
ifican
tly
over-rep
resen
ted
in
each
sp
ecies
(P
<
0.05)
(T
able
S2).
F
u
rth
erm
ore,
m
olecu
lar
fu
n
ction
term
s
for
en
zym
atic
an
d
n
u
cleic
acid
bin
d
in
g
activ-
ity
are
also
sign
ifican
tly
over-rep
resen
ted
(T
able
S2).In
fu
n
-
gal
accessory
gen
om
es,
term
s
relatin
g
to
tran
sp
ort
an
d
localization
of
p
rotein
s,carboh
yd
rate
m
etabolism
,as
w
ellas
p
rotein
m
od
ification
an
d
carboxyl
acid
m
etabolism
,are
sig-
n
ifican
tly
over-rep
resen
ted
in
m
an
y
sp
ecies
(T
able
S2).
T
erm
s
relatin
g
to
h
ou
sekeep
in
g
p
rocesses
are
sign
ifican
tly
u
n
d
er-rep
resen
ted
in
fu
n
gal
accessory
gen
om
es
com
p
ared
to
core
gen
om
es.T
h
ere
are
n
o
com
m
on
or
syn
on
ym
ou
s
cel-
lu
lar
com
p
on
en
t
or
m
olecu
lar
fu
n
ction
term
s
th
at
are
sig-
n
ifican
tly
u
n
d
er-rep
resen
ted
across
allfou
r
fu
n
galaccessory
gen
om
es
in
ou
r
an
alysis.
H
ow
ever,
term
s
relatin
g
to
th
e
fu
n
ction
s
of
in
tracellu
lar
m
em
bran
e-bou
n
d
organ
elles
are
sign
ifican
tly
over-rep
resen
ted
in
th
e
accessory
gen
om
es
of
both
C
ryptococcu
s
n
eoform
an
s
var.
gru
bii
an
d
A
spergillu
s
fu
m
igatu
s
(T
able
S2).
M
an
y
broad
an
d
gran
u
lar
h
ou
sekeep
in
g
term
s
relatin
g
to
n
u
cleic
acid
an
d
p
rotein
biological
p
rocesses
are
sign
ifi-
can
tly
over-rep
resen
ted
w
ith
in
th
e
core
gen
om
e
of
Saccha-
rom
yces
cerevisiae
(T
able
S2).
In
ad
d
ition
to
tran
sp
ort
p
rocesses,gen
es
p
oten
tially
in
volved
in
vitam
in
m
etabolism
an
d
p
rotein
d
ep
h
osp
h
orylation
are
sign
ifican
tly
over-rep
re-
sen
ted
w
ith
in
th
e
core
gen
om
e
of
Saccharom
yces
cerevisiae.
Sim
ilar
term
s
are
also
sign
ifican
tly
over-rep
resen
ted
w
ith
in
th
e
core
gen
om
e
of
C
an
dida
albican
s
(T
able
S2).T
h
e
C
ryp-
tococcu
s
n
eoform
an
s
var.gru
bii
core
gen
om
e
is
sign
ifican
tly
over-rep
resen
ted
in
som
e
u
n
iqu
e
term
s
in
volved
in
regu
la-
tion
of
h
om
eostasis
an
d
biological
qu
ality,
fu
n
ction
al
p
ath
-
w
ays
su
ch
as
th
e
u
n
fold
ed
p
rotein
resp
on
se
(U
P
R
)
p
ath
w
ay,
as
w
ell
as
sign
al
tran
sd
u
ction
(T
able
S2).
T
h
ere
are
few
er
term
s
th
at
are
sign
ifican
tly
over-rep
resen
ted
w
ith
in
th
e
C
ryptococcu
s
n
eoform
an
s
var.gru
bii
accessory
gen
om
e
th
an
in
th
e
oth
er
fu
n
gal
accessory
gen
om
es
in
th
is
stu
d
y.
T
h
ose
term
s
th
at
are
sign
ifican
tly
over-rep
resen
ted
in
th
e
C
rypto-
coccu
s
n
eoform
an
s
var.
gru
bii
accessory
gen
om
e
are
also
fou
n
d
elsew
h
ere,e.g.tran
sp
ort.T
h
e
core
A
spergillu
s
fu
m
iga-
tu
s
gen
om
e
is
sign
ifican
tly
over-rep
resen
ted
in
term
s
related
to
sm
all
m
olecu
le
biosyn
th
esis
an
d
oth
er
biosyn
th
etic
p
ro-
cesses
(T
able
S2).
W
ith
in
th
e
A
spergillu
s
fu
m
igatu
s
core
gen
om
e,
term
s
relatin
g
to
vesicle-m
ed
iated
tran
sp
ort
an
d
carboxylic
acid
m
etabolism
are
sign
ifican
tly
over-rep
re-
sen
ted
,th
ese
term
s
are
also
sign
ifican
tly
over-rep
resen
ted
in
th
e
Saccharom
yces
cerevisiae
core
gen
om
e.
A
n
ce
s
tra
l
o
rig
in
o
f
fu
n
g
a
l
co
re
a
n
d
a
cce
s
s
o
ry
g
e
n
o
m
e
s
T
h
e
an
cestral
origin
of
fu
n
gal
core
an
d
accessory
gen
om
es
w
as
in
ferred
via
B
L
A
ST
P
search
es
(1e
"
2
0)
of
fu
n
galgen
e
m
od
-
els
again
st
>
5
m
illion
p
rokaryotic
seq
u
en
ces
from
>
1500
bacterial
an
d
arch
aeal
gen
om
es.
G
en
e
m
od
els
th
at
h
ad
h
its
w
ith
p
rokaryotic
sequ
en
ces
exclu
sively
w
ere
classi-
fied
as
h
avin
g
origin
ated
w
ith
in
th
e
p
rokaryotes
(broken
d
ow
n
fu
rth
er
by
p
rokaryotic
kin
gd
om
in
T
able
S3),
an
d
gen
e
m
od
els
th
at
lacked
a
B
L
A
ST
P
h
it
again
st
th
e
p
rokaryotic
d
atabase
w
ere
classified
as
h
avin
g
origin
ated
w
ith
in
th
e
eu
karyotes.
U
sin
g
th
ese
criteria,
for
each
fu
n
gal
p
an
-
gen
om
e
d
ataset
betw
een
69
an
d
77
%
of
all
gen
e
m
od
els
w
ere
in
ferred
as
eu
karyotic
in
origin
.Sim
ilar
p
rop
ortion
s
of
gen
e
m
od
els
in
ferred
as
h
avin
g
origin
ated
w
ith
in
eu
karyotes
w
ere
also
observed
in
fu
n
gal
core
gen
om
es.
H
igh
er
p
rop
or-
tion
s
of
gen
e
m
od
els
w
ith
a
p
u
tative
origin
w
ith
in
eu
kar-
yotes
w
as
observed
in
fu
n
gal
accessory
gen
om
es
(74
–81
%
of
all
accessory
gen
e
m
od
els
in
each
sp
ecies).
Statistical
an
alysis
of
th
e
an
cestral
h
istory
of
each
fu
n
gal
sp
ecies
p
an
-
gen
om
e
fou
n
d
th
at
each
fu
n
gal
accessory
gen
om
e
w
as
sig-
n
ifican
tly
en
rich
ed
for
gen
es
of
eu
karyotic
origin
an
d
each
fu
n
gal
core
gen
om
e
w
as
sign
ifican
tly
en
rich
ed
for
gen
es
of
p
rokaryotic
origin
(P
<
0.05)
(T
able
S3).
In
te
rd
o
m
a
in
a
n
d
in
tra
k
in
g
d
o
m
H
G
T
in
to
fu
n
g
a
l
a
cce
s
s
o
ry
g
e
n
o
m
e
s
System
atic
screen
in
g
for
in
terd
om
ain
H
G
T
even
ts
in
each
fu
n
galaccessory
gen
om
e
revealed
sm
alln
u
m
bers
of
p
u
tative
H
G
T
even
ts
from
p
rokaryote
sou
rces
p
er
sp
ecies,
ran
gin
g
from
a
sin
gle
even
t
in
th
e
C
an
dida
albican
s
accessory
gen
om
e
to
11
even
ts
in
th
e
A
spergillu
s
fu
m
igatu
s
accessory
gen
om
e
(T
able
S3).
T
h
e
d
istribu
tion
of
th
ese
p
u
tative
H
G
T
gen
es
in
fu
n
gal
accessory
gen
om
es
varies
from
strain
-
u
n
iqu
e
sin
gleton
gen
es
(p
articu
larly
in
Saccharom
yces
cere-
visiae)
to
m
ore
w
id
ely
d
istribu
ted
gen
es
(as
seen
in
C
rypto-
coccu
s
n
eoform
an
s
an
d
A
spergillu
s
fu
m
igatu
s)
(T
able
S3).
T
h
e
m
ajority
of
p
oten
tial
p
rokaryote
d
on
ors
are
soil-d
w
ell-
in
g
bacteria,
su
ch
as
C
lostridiu
m
pasteu
rian
u
m
(a
d
on
or
to
th
e
A
spergillu
s
fu
m
igatu
s
accessory
gen
om
e)
an
d
A
cin
eto-
bacter
pittii
(a
d
on
or
to
th
e
Saccharom
yces
cerevisiae
acces-
sory
gen
om
e).
W
e
th
en
ap
p
lied
a
sim
ilar
screen
for
recen
t
H
G
T
from
oth
er
fu
n
gal
sp
ecies,
w
h
ich
su
ggested
u
p
to
8
%
M
cC
a
rth
y
a
n
d
F
itzp
a
trick
,
M
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ics
2
0
1
9
;5
1
3
Downloaded from
 www.m
icrobiologyresearch.org by
IP:  149.157.210.56
O
n: Tue, 05 Feb 2019 17:16:34
of
fu
n
gal
accessory
gen
om
es
m
ay
h
ave
arisen
via
in
trakin
g-
d
om
H
G
T
.
T
h
e
largest
exten
t
of
su
ch
in
trad
om
ain
H
G
T
ap
p
eared
to
h
ave
occu
rred
in
to
th
e
accessory
gen
om
es
of
C
ryptococcu
s
n
eoform
an
s
an
d
A
spergillu
s
fu
m
igatu
s
(420
an
d
391
p
oten
tial
even
ts,
resp
ectively)
(T
able
S3).
In
each
accessory
gen
om
e,
p
u
tative
H
G
T
-d
erived
gen
e
m
od
els
ap
p
ear
to
h
ave
been
tran
sferred
m
ain
ly
from
closely
related
sp
ecies
or
sp
ecies
th
at
sh
are
sim
ilar
n
ich
es.
F
or
exam
p
le,
A
spergillu
s
fu
m
igatu
s
is
a
p
oten
tial
d
on
or
of
th
ree
C
an
dida
albican
s
accessory
gen
e
m
od
els
(T
able
S3).H
ow
ever,fu
rth
er
com
p
reh
en
sive
in
vestigation
s
are
req
u
ired
to
con
fid
en
tly
con
firm
th
at
th
ese
H
G
T
even
ts
are
bon
a
fid
e.
C
h
ro
m
o
s
o
m
a
l
lo
ca
tio
n
o
f
co
re
a
n
d
a
cce
s
s
o
ry
g
e
n
o
m
e
s
in
fu
n
g
a
l
re
fe
re
n
ce
g
e
n
o
m
e
s
B
etw
een
17
an
d
21
%
of
all
p
red
icted
gen
e
m
od
els
for
each
fu
n
gal
referen
ce
strain
lie
in
th
e
su
bterm
in
al
region
s
of
th
at
strain
’s
gen
om
e.
A
p
p
roxim
ately
15
%
of
all
core
gen
e
m
od
-
els
in
both
Saccharom
yces
cerevisiae
S288C
an
d
C
ryptococ-
cu
s
n
eoform
an
s
var.
gru
bii
H
99
are
fou
n
d
in
th
eir
su
bterm
in
al
region
s,
w
h
ereas
th
is
p
rop
ortion
is
h
igh
er
in
C
an
dida
albican
s
SC
5314
an
d
A
spergillu
s
fu
m
igatu
s
A
f293
(
~
21
an
d
~
18
%
of
all
core
gen
e
m
od
els,
resp
ectively).
C
an
-
dida
albican
s
SC
5314
h
as
a
low
er
p
rop
ortion
of
accessory
gen
e
m
od
els
(115
of
594
gen
e
m
od
els,
~
19
%
of
its
total
accessory
gen
om
e)
fou
n
d
in
su
bterm
in
al
region
s
th
an
th
e
oth
er
th
ree
fu
n
gal
sp
ecies,
w
h
ere
th
at
p
rop
ortion
is
~
28
–
33
%
of
th
eir
totalaccessory
gen
om
es.T
h
ere
is
a
statistically
sign
ifican
t
bias
(P
<
0.05)
tow
ard
s
accessory
gen
e
m
od
els
in
th
e
su
bterm
in
al
region
s
of
Saccharom
yces
cerevisiae
S288c,
C
ryptococcu
s
n
eoform
an
s
var.
gru
bii
H
99
an
d
A
spergillu
s
fu
m
igatu
s
A
f293,
w
ith
a
corresp
on
d
in
g
bias
(P
<
0.05)
tow
ard
s
core
gen
e
m
od
els
in
th
e
n
on
-su
bterm
in
alregion
s
of
each
gen
om
e
(T
able
S4).
In
con
trast,
th
ere
is
n
o
sign
ifican
t
p
attern
in
th
e
d
istribu
tion
of
accessory
gen
e
m
od
els
in
C
an
-
dida
albican
s
SC
5314,
an
d
in
stead
its
su
bterm
in
al
region
s
are
sign
ifican
tly
en
rich
ed
for
core
gen
e
m
od
els
(P
<
0.05)
(T
able
S4).
Statistical
an
alysis
of
core
an
d
accessory
gen
e
m
od
el
en
rich
m
en
t
p
er
ch
rom
osom
e
in
each
referen
ce
gen
om
e
fou
n
d
th
at
at
least
on
e
ch
rom
osom
e
w
as
sign
ifi-
can
tly
en
rich
ed
for
core
gen
e
m
od
els
an
d
an
oth
er
ch
rom
o-
som
e
w
as
sign
ifican
tly
en
rich
ed
for
accessory
gen
e
m
od
els
p
er
gen
om
e
(P
<
0.05)
(T
able
S4).
T
h
e
n
u
m
ber
of
ch
rom
o-
som
es
p
er
gen
om
e
th
at
w
ere
sign
ifican
tly
biased
tow
ard
s
eith
er
core
or
accessory
gen
e
m
od
els
ran
ged
from
tw
o
in
C
an
dida
albican
s
SC
5314
(ch
rom
osom
es
2
an
d
7)
to
six
in
Saccharom
yces
cerevisiae
S288C
(ch
rom
osom
es
I–III,
V
I,
V
III
an
d
X
III)
(T
able
S4).
V
isu
alizin
g
ch
rom
osom
al
p
lots
sh
ow
ed
th
at
clu
sterin
g
of
accessory
gen
es
m
ostly
occu
rred
in
su
bterm
in
al
region
s
of
fu
n
gal
gen
om
es
(F
ig.
S7a
–d
).
T
h
ere
are
som
e
excep
tion
s:
som
e
ch
rom
osom
es
in
Saccha-
rom
yces
cerevisiae
S288c,C
ryptococcu
s
n
eoform
an
s
var.gru
-
bii
H
99
an
d
A
spergillu
s
fu
m
igatu
s
A
f293
h
ad
at
least
on
e
larger
accessory
gen
e
clu
ster
closer
to
th
e
ch
rom
osom
al
m
id
p
oin
t
(F
ig.
S7a,
c
–d
).
In
con
trast,
th
ere
ap
p
eared
to
be
n
o
m
ajor
clu
sterin
g
of
accessory
gen
es
in
an
y
ch
rom
osom
e
in
C
an
dida
albican
s
SC
5314
(F
ig.S7b).
K
n
o
ck
o
u
t
v
ia
b
ility
o
f
co
re
a
n
d
a
cce
s
s
o
ry
g
e
n
e
s
in
S
a
cch
a
ro
m
y
ce
s
ce
re
v
is
ia
e
S
2
8
8
C
A
total
of
5343
p
red
icted
Saccharom
yces
cerevisiae
S288C
gen
e
m
od
els
from
th
e
sp
ecies
p
an
-gen
om
e
d
ataset,
en
com
-
p
assin
g
4730
core
gen
e
m
od
els
an
d
613
accessory
gen
e
m
od
els,
w
ere
assign
ed
th
eir
referen
ce
h
om
ologu
e
’s
corre-
sp
on
d
in
g
kn
ockou
t
viability
p
h
en
otyp
e.
T
h
e
rem
ain
in
g
472
p
red
icted
gen
e
m
od
els
from
Saccharom
yces
cerevisiae
S288C
d
id
n
ot
h
ave
a
kn
ockou
t
viability
p
h
en
otyp
e
assign
ed
to
th
em
,eith
er
d
u
e
to
th
e
lack
of
a
u
n
iqu
e
recip
rocal
B
L
A
ST
P
h
it
or
a
lack
of
viability
d
ata
for
th
e
referen
ce
h
om
ologu
e
(T
able
S5).
T
h
ose
Saccharom
yces
cerevisiae
S288C
gen
e
m
od
els
th
at
h
ad
kn
ockou
t
p
h
en
otyp
e
d
ata
w
ere
p
red
om
i-
n
an
tly
kn
ockou
t-viable;
~
79
%
of
an
n
otated
core
gen
e
m
od
-
els
an
d
~
88
%
of
an
n
otated
accessory
gen
e
m
od
els
h
ad
a
recip
rocalreferen
ce
h
om
ologu
e
w
ith
a
viable
kn
ockou
t
p
h
e-
n
otyp
e
(T
able
S5).
T
h
ere
w
as
n
o
sign
ifican
t
bias
in
th
e
d
is-
tribu
tion
of
kn
ockou
t
viability
w
ith
in
th
e
core
Saccharom
yces
cerevisiae
S288C
gen
om
e,
i.e.
th
e
core
gen
om
e
w
as
en
rich
ed
for
n
eith
er
kn
ockou
t-viable
or
kn
ock-
ou
t-in
viable
gen
e
m
od
els
(of
th
ose
w
h
ich
h
ad
kn
ockou
t
p
h
en
otyp
e
d
ata
available)
(T
able
S5).
T
h
e
Saccharom
yces
cerevisiae
S288C
accessory
gen
om
e,h
ow
ever,
w
as
over-rep
-
resen
ted
for
kn
ockou
t-viable
gen
e
m
od
els
(P
<
0.05)
(T
able
S5).
D
P
g
e
n
e
clu
s
te
rs
in
th
e
S
a
cch
a
ro
m
y
ce
s
ce
re
v
is
ia
e
p
a
n
-g
e
n
o
m
e
A
ll
38
referen
ce
D
P
gen
es
h
ad
a
u
n
iqu
e
recip
rocal
h
om
o-
logu
e
w
ith
in
th
e
set
of
p
red
icted
Saccharom
yces
cerevisiae
S288C
gen
e
m
od
els
taken
from
ou
r
p
an
-gen
om
e
d
ataset
(T
able
S5).O
n
e
of
th
e
13
referen
ce
D
P
clu
sters
w
as
syn
ten
i-
cally
con
served
w
ith
in
all
strain
s
in
th
e
Saccharom
yces
cere-
visiae
p
an
-gen
om
e
d
ataset;
a
th
ree-m
em
ber
G
A
L
clu
ster
in
volved
in
galactose
u
tilization
.
Som
e
clu
sters
are
w
id
ely
con
served
w
ith
in
th
e
d
ataset,
bu
t
are
m
issin
g
a
m
em
ber
gen
e
in
a
sm
all
n
u
m
ber
of
strain
s;
th
ese
in
clu
d
e
a
th
ree-
m
em
ber
B
IO
clu
ster
th
at
m
ed
iates
biotin
u
p
take,
a
SN
O
1-
SN
Z
1
vitam
in
B
6
m
etabolism
clu
ster
an
d
a
large
six-m
em
-
ber
D
A
L
-D
C
G
clu
ster
th
at
en
ables
u
tilization
of
allan
toin
as
a
n
itrogen
sou
rce
(T
able
S5).
O
th
er
clu
sters
h
ad
m
ore
p
atch
y
d
istribu
tion
w
ith
in
th
e
sp
ecies
p
an
-gen
om
e,
m
ost
n
otably
a
th
ree-m
em
ber
A
R
R
gen
e
clu
ster
th
at
con
fers
arse-
n
ic
resistan
ce
w
as
m
issin
g
a
m
em
ber
gen
e
(A
R
R
3)
in
49
ou
t
of
100
strain
s
(T
able
S5).
Som
e
clu
sters,
su
ch
as
a
fou
r-
m
em
ber
F
IT
/F
R
E
iron
u
p
take
clu
ster,
are
com
p
letely
m
iss-
in
g
in
a
sm
alln
u
m
ber
of
strain
s
(T
able
S5).
B
G
C
s
in
th
e
A
s
p
e
rg
illu
s
fu
m
ig
a
tu
s
p
a
n
-g
e
n
o
m
e
A
total
of
307
kn
ow
n
biosyn
th
etic
gen
es
from
33
B
G
C
s
in
A
spergillu
s
fu
m
igatu
s
A
f293
h
ad
a
u
n
iqu
e
recip
rocal
h
om
o-
logu
e
w
ith
in
th
e
set
of
p
red
icted
A
spergillu
s
fu
m
igatu
s
A
f293
gen
e
m
od
els
from
th
e
A
spergillu
s
fu
m
igatu
s
p
an
-
gen
om
e
[75].
A
total
of
240
of
th
e
307
kn
ow
n
biosyn
th
etic
gen
es
w
ere
core
gen
es
fou
n
d
in
all
12
A
spergillu
s
fu
m
igatu
s
strain
s,n
on
e
of
w
h
ich
w
ere
u
n
iqu
e
to
A
spergillu
s
fu
m
igatu
s
A
f293
alon
e
(T
able
S5).T
h
ere
w
ere
14
A
spergillu
s
fu
m
igatu
s
B
G
C
s
th
at
w
ere
com
p
letely
con
served
(i.e.
all
gen
es
w
ith
in
M
cC
a
rth
y
a
n
d
F
itzp
a
trick
,
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th
at
clu
ster
are
core
gen
es),
w
h
ich
in
clu
d
ed
kn
ow
n
m
yco-
toxin
-p
rod
u
cin
g
B
G
C
s
su
ch
as
fu
m
agillin
an
d
gliotoxin
clu
sters
(T
able
S5).
O
th
er
B
G
C
s
w
ere
fou
n
d
to
h
ave
on
e
or
tw
o
gen
es
m
issin
g,
p
oten
tially
d
u
e
to
syn
ten
y
loss
or
p
seu
-
d
ogen
ization
.
Som
e
B
G
C
s
sh
ow
ed
far
m
ore
variable
d
istri-
bu
tion
w
ith
in
th
e
A
spergillu
s
fu
m
igatu
s
p
an
-gen
om
e;
for
exam
p
le,
a
p
olyketid
e
syn
th
ase
(P
K
S)
clu
ster
w
as
w
h
olly
con
served
in
fou
r
strain
s
(A
f293,
Z
5,
H
M
R
A
F
270
an
d
JC
M
10253)
an
d
absen
t
or
tran
slocated
in
th
e
oth
er
eigh
t,
an
d
a
fu
sarielin
-like
clu
ster
w
as
com
p
letely
absen
t
from
A
1163
an
d
on
ly
p
artially
p
resen
t
in
som
e
strain
s
bu
t
w
as
w
h
olly
con
served
in
oth
ers
(T
able
S5).
D
IS
C
U
S
S
IO
N
A
p
p
ly
in
g
g
e
n
o
m
ic
co
n
te
x
t
in
e
u
k
a
ry
o
tic
p
a
n
-
g
e
n
o
m
e
a
n
a
ly
s
is
T
o
in
vestigate
p
an
-gen
om
ic
stru
ctu
re
w
ith
in
fou
r
fu
n
gal
sp
ecies,
w
e
ad
ap
ted
a
m
eth
od
p
reviou
sly
u
sed
in
bacterial
p
an
-gen
om
e
an
alysis
an
d
im
p
lem
en
ted
in
P
an
O
C
T
(P
an
-
gen
om
e
O
rth
olog
C
lu
sterin
g
T
ool)
[38].
O
u
r
ration
ale
for
u
sin
g
th
is
m
eth
od
to
con
stru
ct
sp
ecies
p
an
-gen
om
es
w
as
th
at
it
allow
ed
u
s
to
in
vestigate
in
trasp
ecific
variability
on
a
gen
e-to-gen
e
level,
as
op
p
osed
to
d
efin
in
g
core
an
d
acces-
sory
gen
om
es
based
on
fam
ilies
of
related
gen
e
m
od
els
(e.g.
a
core
gen
e
fam
ily
m
ay
be
p
resen
t
in
all
strain
s
of
a
sp
ecies,
bu
t
th
e
n
u
m
ber
of
gen
es
belon
gin
g
to
th
at
fam
ily
w
ill
u
su
-
ally
vary
betw
een
strain
s).
T
h
is
allow
ed
u
s
to
see
w
h
ich
gen
es
an
d
biological
fu
n
ction
s
w
ere
relatively
con
served
in
th
eir
d
istribu
tion
,
an
d
w
h
ich
h
ad
varyin
g
exp
an
sion
an
d
d
istribu
tion
in
fu
n
gal
sp
ecies.
A
sim
ilar
ap
p
roach
w
as
u
sed
in
a
p
reviou
s
an
alysis
of
gen
om
e
variation
in
Saccharom
yces
sp
ecies,
bu
t
w
as
lim
ited
to
assessin
g
syn
ten
ic
con
servation
of
referen
ce
h
om
ologu
es
u
sin
g
im
m
ed
iately
ad
jacen
t
gen
es
[34].T
o
en
su
re
con
sisten
cy
betw
een
strain
gen
om
es
in
each
of
ou
r
d
atasets
w
e
con
stru
cted
a
cu
stom
gen
e
m
od
el
p
red
ic-
tion
p
ip
elin
e
th
at
u
sed
th
ree
d
ifferen
t
p
red
ictive
m
eth
od
s
to
gen
erate
a
u
n
iqu
e
set
of
p
red
icted
gen
e
m
od
els
an
d
th
eir
gen
om
ic
location
s
(i.e.n
o
isoform
s)
p
er
strain
gen
om
e
(F
ig.
S2)
[44
–46].
A
s
ou
r
d
efin
ition
of
w
h
at
con
stitu
tes
a
core
or
accessory
gen
e
m
od
el
is
qu
ite
strin
gen
t
com
p
ared
to
oth
er
p
an
-gen
om
e
an
alyses,
w
e
also
d
evelop
ed
a
p
ost-p
rocessin
g
p
ip
elin
e
th
at
attem
p
ted
to
accou
n
t
for
loss
of
m
icrosyn
ten
y
betw
een
fu
n
gal
strain
gen
om
es
an
d
to
also
exam
in
e
th
e
exten
t
of
d
u
p
lication
of
core
gen
om
e
con
ten
t
w
ith
in
fu
n
gal
accessory
gen
om
es.
P
a
n
-g
e
n
o
m
e
s
o
f
fo
u
r
m
o
d
e
l
fu
n
g
i
W
e
ch
ose
to
in
vestigate
th
e
p
oten
tialp
an
-gen
om
ic
stru
ctu
re
of
fou
r
m
od
elfu
n
galsp
ecies:Saccharom
yces
cerevisiae,C
an
-
dida
albican
s,
C
ryptococcu
s
n
eoform
an
s
var.
gru
bii
an
d
A
spergillu
s
fu
m
igatu
s.In
ad
d
ition
to
th
eir
im
p
act
on
h
u
m
an
lifestyle,each
sp
ecies
ch
osen
is
a
m
od
el
organ
ism
for
fu
n
gal
evolu
tion
ary
biology,
gen
om
ics
an
d
com
p
arative
gen
om
ics.
Saccharom
yces
cerevisiae
w
as
th
e
first
eu
karyote
to
h
ave
its
gen
om
e
sequ
en
ced
,
an
d
th
e
oth
er
th
ree
sp
ecies
each
h
ad
th
eir
gen
om
e
sequ
en
ced
d
u
rin
g
th
e
in
itial
w
ave
of
fu
n
gal
gen
om
ics
research
in
th
e
early
to
m
id
-2000s
[39
–43,
78].
O
u
r
selection
covers
fu
n
gal
sp
ecies
w
ith
d
ifferen
t
gen
om
ic
ch
aracteristics;
Saccharom
yces
cerevisiae
h
as
u
n
d
ergon
e
an
cestral
w
h
ole-gen
om
e
d
u
p
lication
an
d
C
an
dida
albican
s
h
as
an
altern
ative
gen
etic
cod
e
[79,
80],w
h
ereas
C
ryptococ-
cu
s
n
eoform
an
s
an
d
A
spergillu
s
fu
m
igatu
s
are
m
ore
in
tron
-
d
en
se
th
an
eith
er
Saccharom
yces
cerevisiae
or
C
an
dida
albi-
can
s
an
d
exten
sive
altern
ative
sp
licin
g
occu
rs
in
C
ryptococ-
cu
s
sp
ecies
[81,82].O
u
r
selection
also
covers
fu
n
gal
sp
ecies
w
ith
d
ifferen
t
evolu
tion
ary
h
istories.
Saccharom
yces
cerevi-
siae,
C
an
dida
albican
s
an
d
A
spergillu
s
fu
m
igatu
s
are
m
em
-
bers
of
th
e
fu
n
gal
p
h
ylu
m
A
scom
ycota;
th
e
form
er
tw
o
are
closely
related
m
em
bers
of
th
e
su
bp
h
ylu
m
Sacch
arom
yco-
tin
a,
w
h
ich
in
clu
d
es
m
an
y
typ
ical
com
m
en
sal
an
d
p
ath
o-
gen
ic
yeasts
th
at
rep
rod
u
ce
by
bu
d
d
in
g,
w
h
ile
A
spergillu
s
fu
m
igatu
s
is
a
m
em
ber
of
th
e
large
su
bp
h
ylu
m
P
ezizom
yco-
tin
a
of
filam
en
tou
s
fu
n
gi[78].C
ryptococcu
s
n
eoform
an
s
var.
gru
bii
su
p
erficially
resem
bles
m
an
y
yeast
sp
ecies
an
d
also
rep
licates
by
bu
d
d
in
g,bu
t
is
a
m
em
ber
of
th
e
p
h
ylu
m
B
asi-
d
iom
ycota
an
d
is
m
ore
closely
related
to
m
u
lticellu
lar
fu
n
gi
w
ith
in
th
e
su
bp
h
ylu
m
A
garicom
ycotin
a
th
an
oth
er
yeast
sp
ecies
[78].
G
en
om
e
assem
blies
available
on
G
en
B
an
k
for
each
sp
ecies
at
th
e
tim
e
of
w
ritin
g
ran
ged
from
12
for
A
sper-
gillu
s
fu
m
igatu
s
to
>
400
for
Saccharom
yces
cerevisiae
[36].
O
u
r
sp
ecies
p
an
-gen
om
e
for
Saccharom
yces
cerevisiae
w
as
con
stru
cted
u
sin
g
gen
om
ic
d
ata
from
100
strain
s,
99
of
w
h
ich
w
ere
p
reviou
sly
in
clu
d
ed
in
th
e
100G
S
resou
rce
(T
able
S1)
[50].T
h
e
resou
rce
in
clu
d
es
7
Saccharom
yces
cere-
visiae
gen
om
es
sequ
en
ced
p
rior
to
2015
an
d
93
Saccharom
y-
ces
cerevisiae
gen
om
es
seq
u
en
ced
de
n
ovo
by
th
e
100G
S
au
th
ors,taken
from
d
iverse
gen
otyp
ic
an
d
p
h
en
otyp
ic
back-
grou
n
d
s
(p
op
u
lation
s
referred
to
h
en
ceforth
are
as
assign
ed
by
th
e
100G
S
au
th
ors
after
L
iti
et
al.[50,83]).T
h
e
resou
rce
covers
strain
s
from
laboratory,
biotech
,
clin
ical
an
d
w
ild
p
op
u
lation
s,w
h
ich
m
akes
it
an
excellen
t
d
ataset
for
carryin
g
ou
t
Saccharom
yces
cerevisiae
p
op
u
lation
gen
om
ics
an
d
p
an
-
gen
om
ics
stu
d
ies
of
th
is
kin
d
.
In
th
eir
an
alysis,
th
e
100G
S
au
th
ors
screen
ed
Saccharom
yces
cerevisiae
strain
s
for
an
eu
-
p
loid
y,
in
trogressed
gen
es,
p
h
en
otyp
ically
relevan
t
sin
gle-
n
u
cleotid
e
p
olym
orp
h
ism
s
an
d
n
on
-referen
ce
gen
om
ic
con
-
ten
t
[50].
T
h
e
100G
S
au
th
ors
also
assessed
levels
of
resis-
tan
ce
to
en
viron
m
en
tal
stresses
su
ch
as
su
lp
h
ite
an
d
cop
p
er
resistan
ce,as
w
ellas
fu
n
gicid
es
su
ch
as
ketocon
azole
[50].
A
m
ore
recen
t
stu
d
y
of
1011
Saccharom
yces
cerevisiae
gen
om
es
in
clu
d
ed
an
an
alysis
of
th
e
p
an
-gen
om
e
of
Saccha-
rom
yces
cerevisiae
in
w
h
ich
th
e
au
th
ors
of
th
at
stu
d
y
d
etected
n
on
-referen
ce
gen
om
ic
con
ten
t
by
align
in
g
strain
gen
om
es
to
th
e
S288C
gen
om
e
u
sin
g
B
L
A
ST
N
,an
d
extractin
g
an
d
an
n
otatin
g
u
n
iqu
e
n
on
-referen
ce
gen
es
u
sin
g
an
in
te-
grative
m
u
lti-m
eth
od
p
roced
u
re
[36,84].N
otably,d
esp
ite
a
ten
fold
d
ifferen
ce
in
th
e
n
u
m
ber
of
in
p
u
t
strain
s,an
d
d
iffer-
en
t
m
eth
od
s
of
id
en
tifyin
g
core
an
d
accessory
gen
om
e
con
-
ten
t,
both
th
eir
stu
d
y
(4940
core
gen
es)
an
d
ou
r
ow
n
(4900
core
gen
e
m
od
els)
p
red
ict
a
sim
ilar-sized
core
Saccharom
y-
ces
cerevisiae
gen
om
e
[36].
T
h
e
1011
gen
om
e
stu
d
y
p
re-
d
icted
an
alm
ost
id
en
tical
accessory
gen
om
e
to
ou
r
an
alysis
also;
th
ey
id
en
tified
2856
accessory
gen
es
w
ith
varyin
g
M
cC
a
rth
y
a
n
d
F
itzp
a
trick
,
M
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G
en
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d
istribu
tion
across
1011
gen
om
es
[36],
w
h
ereas
w
e
id
en
ti-
fied
an
accessory
gen
om
e
of
2850
gen
es
for
ou
r
p
an
-gen
om
e
d
ataset.
T
h
e
1011
gen
om
e
stu
d
y
also
observed
a
n
u
m
ber
of
evolu
tion
ary
an
d
fu
n
ction
al
tren
d
s
w
ith
in
th
e
Saccharom
y-
ces
cerevisiae
accessory
gen
om
e;
accessory
gen
es
w
ere
clu
s-
tered
w
ith
in
th
e
su
bterm
in
al
region
s
of
Saccharom
yces
cerevisiae
gen
om
es
an
d
som
e
accessory
gen
es
m
ay
h
ave
origin
ated
via
H
G
T
from
d
ivergen
t
yeast
sp
ecies
or
oth
er
fu
n
gi
[36].
W
e
observe
sim
ilar
tren
d
s
in
ou
r
an
alysis
of
th
e
Saccharom
yces
cerevisiae
accessory
gen
om
e.
F
or
th
e
rem
ain
in
g
th
ree
sp
ecies,
w
e
con
stru
cted
sp
ecies
p
an
-gen
om
e
d
atasets
based
on
strain
gen
om
e
assem
blies
th
at
w
ere
available
from
G
en
B
an
k
at
th
e
start
of
ou
r
an
aly-
ses.
F
or
each
of
th
ese
d
atasets,
w
e
attem
p
ted
to
sam
p
le
strain
gen
om
es
w
ith
as
m
an
y
d
iverse
ch
aracteristics
(e.g.
geograp
h
ical
location
,
p
h
en
otyp
e)
as
w
as
p
ossible
w
ith
th
e
gen
om
e
assem
bly
d
ata
available.
A
lth
ou
gh
th
ere
are
a
sm
aller
n
u
m
ber
of
strain
s
sam
p
led
for
th
ese
sp
ecies
p
an
-
gen
om
es,
th
e
sizes
of
th
ese
sp
ecies’
core
an
d
accessory
gen
om
es
are
in
lin
e
w
ith
ou
r
an
alysis
of
Saccharom
yces
cere-
visiae,
as
w
ell
as
larger
an
alyses
of
sp
ecies
p
an
-gen
om
es
in
fu
n
gi
an
d
oth
er
taxa.
T
h
e
C
an
dida
albican
s
sp
ecies
p
an
-
gen
om
e
d
ataset
w
as
con
stru
cted
u
sin
g
d
ata
from
34
strain
s,
p
red
om
in
an
tly
clin
ical
in
origin
,
in
clu
d
in
g
both
h
om
ozy-
gou
s
an
d
h
eterozygou
s
M
T
L
m
atin
g-typ
e
strain
s
(T
able
S1)
[85].
A
su
bstan
tial
am
ou
n
t
of
gen
om
e
assem
bly
d
ata
avail-
able
for
C
an
dida
albican
s
com
es
from
strain
s
isolated
in
h
osp
itals;
of
th
e
34
strain
s
in
ou
r
d
ataset,
14
strain
s
w
ere
clin
ical
isolates
from
th
e
U
SA
alon
e
(T
able
S1).
A
n
u
m
ber
of
oth
er
strain
s
w
ere
isolated
from
E
u
rop
ean
an
d
M
id
d
le
E
ast
sou
rces,bu
t
for
13
strain
s
n
o
in
form
ation
w
as
available
on
th
e
isolate
sou
rce
for
th
e
gen
om
e
from
G
en
B
an
k.
P
er-
h
ap
s
as
a
con
sequ
en
ce
of
a
low
er
d
egree
of
en
viron
m
en
tal
d
iversity
d
u
e
to
sam
p
lin
g
p
rim
arily
clin
icalstrain
s,th
e
C
an
-
dida
albican
s
p
an
-gen
om
e
h
as
th
e
sm
allest
p
rop
ortion
of
accessory
gen
e
con
ten
t
of
th
e
fou
r
sp
ecies
an
alysed
in
th
is
stu
d
y
(
~
9
%
of
th
e
en
tire
sp
ecies
p
an
-gen
om
e).T
h
e
C
an
dida
albican
s
p
an
-gen
om
e
also
h
as
th
e
low
est
d
egree
of
variation
in
accessory
gen
om
e
size
betw
een
in
d
ivid
u
al
strain
s
of
th
e
fou
r
sp
ecies
an
alysed
(F
igs
3
an
d
6b
).
T
h
e
U
p
Set
d
istribu
-
tion
of
th
e
C
an
dida
albican
s
accessory
gen
om
e
illu
strates
th
is
low
er
d
egree
of
variability
w
ith
in
th
e
C
an
dida
albican
s
p
an
-gen
om
e,
as
th
e
m
ost
frequ
en
t
sets
are
eith
er
sin
gleton
clu
sters
or
clu
sters
th
at
are
m
issin
g
an
orth
ologu
e
from
on
e
strain
(F
ig.
S4).
D
esp
ite
th
is
caveat,
h
ow
ever,
th
e
C
an
dida
albican
s
p
an
-gen
om
e
oth
erw
ise
exh
ibits
m
an
y
of
th
e
sam
e
fu
n
ction
al
an
d
evolu
tion
ary
tren
d
s
seen
in
th
e
oth
er
th
ree
sp
ecies
w
e
h
ave
in
vestigated
(as
d
etailed
below
).
W
ith
a
broad
er
sam
p
lin
g
of
strain
s
fou
n
d
ou
tsid
e
of
a
clin
ical
con
-
text,a
m
ore
accu
rate
p
ictu
re
of
th
e
size
of
th
e
C
an
dida
albi-
can
s
accessory
gen
om
e
w
illbe
attain
ed
.
In
con
trast
to
C
an
dida
albican
s,both
ou
r
C
ryptococcu
s
n
eo-
form
an
s
var.
gru
bii
an
d
A
spergillu
s
fu
m
igatu
s
p
an
-gen
om
e
d
atasets
w
ere
con
stru
cted
u
sin
g
a
d
iverse
array
of
strain
gen
om
es
taken
from
both
clin
ical
an
d
w
ild
en
viron
m
en
ts.
T
h
e
C
ryptococcu
s
n
eoform
an
s
var.
gru
bii
p
an
-gen
om
e
d
ataset
w
as
con
stru
cted
u
sin
g
clin
ical
strain
gen
om
es
iso-
lated
p
red
om
in
an
tly
from
h
u
m
an
im
m
u
n
od
eficien
cy
viru
s
p
ositive
p
atien
ts
from
th
e
U
SA
an
d
B
otsw
an
a
an
d
w
ild
-typ
e
strain
s
sam
p
led
from
Sou
th
ern
A
frica
sou
rces
(T
able
S1).
C
ryptococcu
s
n
eoform
an
s
var.
gru
bii
h
as
th
e
largest
p
rop
or-
tion
of
accessory
gen
es
of
th
e
fou
r
sp
ecies
an
alysed
(
~
20
%
of
th
e
en
tire
sp
ecies
p
an
-gen
om
e).
A
s
C
ryptococcu
s
n
eofor-
m
an
s
is
an
in
tracellu
lar
p
ath
ogen
in
h
u
m
an
s,it
h
as
to
ad
ap
t
to
extrem
e
variation
s
in
en
viron
m
en
tal
stresses
in
ord
er
to
su
rvive.T
h
is
is
th
ou
gh
t
to
lead
to
th
e
h
igh
level
of
gen
om
ic
rearran
gem
en
t
an
d
in
stability
seen
in
C
ryptococcu
s
n
eofor-
m
an
s
[86].It
is
p
ossible
th
at
th
is
in
tu
rn
creates
m
ore
n
ovel
gen
etic
con
ten
t,w
h
ich
m
ay
exp
lain
th
e
h
igh
er
levelof
acces-
sory
gen
om
e
con
ten
t
seen
in
C
ryptococcu
s
n
eoform
an
s
var.
gru
bii.G
en
om
ic
in
stability
as
a
resu
lt
of
p
ath
ogen
ic
lifestyle
fu
ellin
g
p
an
-gen
om
e
evolu
tion
h
as
p
reviou
sly
been
observed
in
th
e
w
h
eat
p
ath
ogen
Z
.tritici
[37].T
h
e
A
spergil-
lu
s
fu
m
igatu
s
p
an
-gen
om
e
d
ataset
w
as
con
stru
cted
u
sin
g
12
strain
gen
om
es
sam
p
led
from
clin
ical
en
viron
m
en
ts
in
th
e
U
K
,U
SA
an
d
C
an
ad
a,w
ild
-typ
e
sam
p
les
taken
from
C
h
in
a
an
d
from
Sou
th
A
m
erican
forest
floors,
an
d
2
strain
s
iso-
lated
from
su
rfaces
w
ith
in
th
e
In
tern
ation
al
Sp
ace
Station
[77]
(T
able
S1).A
p
p
roxim
ately
15
%
of
th
e
A
spergillu
s
fu
m
i-
gatu
s
p
an
-gen
om
e
is
m
ad
e
u
p
of
accessory
gen
e
con
ten
t,
w
h
ich
is
p
red
om
in
an
tly
clu
stered
in
th
e
su
bterm
in
alregion
s
of
ch
rom
osom
es
(d
iscu
ssed
below
).T
h
ere
is
a
greater
d
egree
of
variation
in
th
e
accessory
gen
om
e
sizes
of
in
d
ivid
u
al
A
spergillu
s
fu
m
igatu
s
strain
s
th
an
in
th
e
oth
er
sp
ecies
an
a-
lysed
,
w
e
believe
th
at
th
is
is
p
rim
arily
an
artefact
of
th
e
sm
aller
n
u
m
ber
of
gen
om
es
in
ou
r
d
ataset
(at
th
e
tim
e
of
w
ritin
g
ou
r
A
spergillu
s
fu
m
igatu
s
d
ataset
in
clu
d
ed
alm
ost
all
strain
gen
om
es
available
as
assem
bly
d
ata
on
G
en
B
an
k).
B
ro
a
d
tre
n
d
s
a
cro
s
s
fu
n
g
a
l
p
a
n
-g
e
n
o
m
e
s
F
u
n
g
a
l
co
re
a
n
d
a
cce
s
s
o
ry
g
e
n
o
m
e
s
e
n
rich
e
d
fo
r
p
o
te
n
tia
l
in
fe
ctio
n
a
n
d
s
u
rv
iv
a
l
p
ro
ce
s
s
e
s
B
etw
een
65
an
d
81
%
of
gen
e
m
od
els
p
er
sp
ecies
p
an
-
gen
om
e
h
ad
at
least
on
e
P
fam
d
om
ain
,w
h
ile
th
e
p
rop
ortion
of
gen
e
m
od
els
w
ith
G
O
d
ata
w
as
betw
een
42
an
d
54
%
p
er
sp
ecies
(T
able
1).T
h
is
variation
is
p
rim
arily
d
ow
n
to
a
lack
of
h
u
m
an
an
n
otation
for
som
e
sp
ecies,an
d
for
C
ryptococcu
s
n
eoform
an
s
var.
gru
bii
in
p
articu
lar
th
e
lack
of
a
d
ed
icated
G
O
-slim
d
ataset.T
h
is
can
be
seen
in
ou
r
statistical
an
alyses
of
th
e
d
istribu
tion
of
G
O
term
s
in
in
d
ivid
u
al
sp
ecies
p
an
-
gen
om
es;
Saccharom
yces
cerevisiae
cu
rren
tly
h
as
a
far
m
ore
d
etailed
array
of
on
tological
term
s
th
an
A
spergillu
s
fu
m
iga-
tu
s
for
exam
p
le
(T
able
S2).
In
sp
ite
of
gap
s
in
on
tological
d
ata
for
som
e
of
ou
r
sp
ecies
of
in
terest,
th
ere
are
a
n
u
m
ber
of
p
attern
s
w
e
can
observe
across
m
u
ltip
le
sp
ecies
in
ou
r
G
O
an
alyses
of
fu
n
gal
core
an
d
accessory
gen
om
es,
as
w
ell
as
u
n
iqu
e
p
attern
s
of
en
rich
m
en
t
in
som
e
sp
ecies.
M
an
y
h
ou
sekeep
in
g
term
s
su
ch
as
tran
slation
,n
u
cleic
acid
m
etab-
olism
an
d
oligop
ep
tid
e
m
etabolism
are
statistically
over-
rep
resen
ted
in
each
fu
n
gal
core
gen
om
e
w
e
h
ave
an
alysed
(P
<
0.05)
(T
able
S2).T
h
ere
is
an
over-rep
resen
tation
of
sim
-
ilar
cellu
lar
com
p
on
en
t
term
s
in
each
of
th
e
th
ree
‘yeast’
core
gen
om
es
(i.e.
all
exclu
d
in
g
A
spergillu
s
fu
m
igatu
s)
(T
able
S2).
T
h
is
m
ay
reflect
th
e
m
orp
h
ological
d
istin
ction
s
M
cC
a
rth
y
a
n
d
F
itzp
a
trick
,
M
icrob
ial
G
en
om
ics
2
0
1
9
;5
1
6
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betw
een
th
ese
th
ree
sp
ecies
an
d
A
spergillu
s
fu
m
igatu
s;h
ow
-
ever,th
e
lack
of
d
ed
icated
an
n
otation
d
ata
for
C
ryptococcu
s
n
eoform
an
s
var.
gru
bii
m
akes
a
d
efin
itive
observation
d
iffi-
cu
lt.
T
erm
s
relatin
g
to
tran
sp
ort,
localization
an
d
C
A
Z
Y
p
rocesses
are
statistically
over-rep
resen
ted
in
fu
n
gal
acces-
sory
gen
om
es
(T
able
S2).
In
p
art
th
is
is
to
be
exp
ected
,
as
m
an
y
fu
n
gi
h
ave
varyin
g
n
u
m
bers
of
cop
ies
of
gen
es
in
volved
in
C
A
Z
Y
an
d
tran
sp
ort
p
rocesses
[87].
T
erm
s
relatin
g
to
h
ou
sekeep
in
g
p
rocesses
are
statistically
u
n
d
er-
rep
resen
ted
in
fu
n
galaccessory
gen
om
es,w
h
ich
m
ay
be
d
u
e
to
p
oten
tial
gen
e
d
osage
effects.T
h
e
sim
ilar
p
attern
s
of
sta-
tisticalover-rep
resen
tation
for
term
s
relatin
g
to
in
tracellu
lar
m
em
bran
e-bou
n
d
organ
elles
in
th
e
accessory
gen
om
es
of
C
ryptococcu
s
n
eoform
an
s
var.gru
bii
an
d
A
spergillu
s
fu
m
iga-
tu
s
m
ay
reflect
in
fection
or
in
-h
ost
su
rvival
p
rocesses
for
both
p
ath
ogen
ic
sp
ecies
(T
able
S2).
B
oth
th
e
C
an
dida
albi-
can
s
core
an
d
accessory
sp
ecies
gen
om
e
sh
are
sim
ilarly
over-rep
resen
ted
term
s
to
th
eir
Saccharom
yces
cerevisiae
cou
n
terp
arts,
a
reflection
of
th
e
tw
o
sp
ecies’
relatively
close
evolu
tion
ary
relation
sh
ip
(T
able
S2).
M
an
y
of
th
e
term
s
th
at
are
over-rep
resen
ted
in
th
e
C
rypto-
coccu
s
n
eoform
an
s
var.
gru
bii
core
gen
om
e
m
ay
reflect
th
e
sp
ecies’
lifestyle
as
an
in
tracellu
lar
p
ath
ogen
(T
able
S2).
Su
ch
term
s
in
clu
d
e
regu
lation
of
h
om
eostasis
an
d
biological
qu
ality
(e.g.cell
m
ass),w
h
ich
are
vital
for
C
ryptococcu
s
n
eo-
form
an
s
var.gru
bii
to
su
rvive
th
e
p
leth
ora
of
en
viron
m
en
tal
stresses
it
en
cou
n
ters
in
th
e
h
ost.Sim
ilarly,U
P
R
is
an
over-
rep
resen
ted
m
olecu
lar
fu
n
ction
in
th
e
C
ryptococcu
s
n
eofor-
m
an
s
var.
gru
bii
core
gen
om
e;
th
e
U
P
R
p
ath
w
ay
is
kn
ow
n
to
in
flu
en
ce
th
erm
oregu
lation
in
C
ryptococcu
s
n
eoform
an
s
var.
gru
bii
p
articu
larly
d
u
rin
g
th
e
in
itial
in
fection
p
eriod
[88].
A
n
oth
er
over-rep
resen
ted
term
in
th
e
C
ryptococcu
s
n
eoform
an
s
var.
gru
bii
core
gen
om
e
is
sign
al
tran
sd
u
ction
;
m
an
y
sign
al
tran
sd
u
ction
p
ath
w
ays
in
C
ryptococcu
s
n
eofor-
m
an
s
var.
gru
bii
p
lay
an
im
p
ortan
t
role
in
cell
d
ifferen
tia-
tion
as
w
ell
as
p
ath
ogen
icity
(T
able
S2)
[89].
T
h
e
core
A
spergillu
s
fu
m
igatu
s
gen
om
e
is
en
rich
ed
for
sm
allm
olecu
le
biosyn
th
esis
an
d
oth
er
biosyn
th
etic
p
rocesses,
w
h
ich
con
-
cu
rs
w
ith
p
reviou
s
com
p
arative
stu
d
ies
of
A
spergillu
s
sp
ecies
[90,91]
(T
able
S2).T
h
is
also
ap
p
ears
to
agree
w
ith
ou
r
fin
d
-
in
gs
of
B
G
C
con
servation
w
ith
in
th
e
A
spergillu
s
fu
m
igatu
s
sp
ecies
p
an
-gen
om
e
(T
able
S5).B
oth
tran
sp
ort
an
d
localiza-
tion
p
rocesses
are
over-rep
resen
ted
w
ith
in
th
e
A
spergillu
s
fu
m
igatu
s
accessory
gen
om
e,
w
h
ich
m
ay
h
ave
an
in
d
irect
role
in
th
e
in
fection
p
rocesses
of
A
spergillu
s
fu
m
igatu
s.
A
spergillu
s
fu
m
igatu
s
strain
p
ath
ogen
esis
m
ay,th
erefore,be
in
flu
en
ced
by
accessory
gen
om
e
evolu
tion
,
p
articu
larly
w
ith
in
su
bterm
in
alregion
s
[92].
T
h
e
fu
n
g
a
l
co
re
g
e
n
o
m
e
is
m
o
re
a
n
cie
n
t
in
o
rig
in
th
a
n
th
e
fu
n
g
a
l
a
cce
s
s
o
ry
g
e
n
o
m
e
O
u
r
statisticalan
alysis
of
th
e
an
cestralh
istory
of
each
fu
n
gal
sp
ecies
p
an
-gen
om
e
fou
n
d
th
at
gen
e
m
od
els
of
eu
karyotic
origin
are
statistically
over-rep
resen
ted
w
ith
in
fu
n
gal
acces-
sory
gen
om
es,
w
h
ile
gen
e
m
od
els
of
p
rokaryotic
origin
are
statistically
over-rep
resen
ted
in
fu
n
gal
core
gen
om
es
(P
<
0.05)
(T
able
S3).
In
oth
er
w
ord
s,
gen
es
of
p
rokaryotic
origin
ap
p
ear
to
be
m
ore
likely
to
be
syn
ten
ically
con
served
an
d
u
n
iversally
retain
ed
w
ith
in
th
ese
fu
n
gal
sp
ecies
(T
able
S3).
T
h
is
ap
p
ears
con
sisten
t
w
ith
th
e
observation
th
at
p
rokaryote-d
erived
gen
es
in
Saccharom
yces
cerevisiae
are
essen
tial
for
su
rvival
[70].
H
ow
ever,
it
ap
p
ears
th
at
th
e
accessory
gen
om
e
con
tain
s
m
ore
gen
es
th
at
arose
at
som
e
p
oin
t
d
u
rin
g
th
e
evolu
tion
of
eu
karyotes
an
d
th
at
m
ay
be
m
ore
likely
to
be
variably
retain
ed
or
lost
w
ith
in
strain
s
of
fu
n
gal
sp
ecies
(T
able
S3).T
h
is
w
ou
ld
con
cu
r
w
ith
ou
r
an
al-
ysis
of
th
e
gain
s
an
d
losses
of
syn
ten
ic
orth
ologu
es
in
fu
n
gal
accessory
gen
om
es,w
h
ich
are
largely
m
ed
iated
at
th
e
strain
level.
H
G
T
m
a
y
o
n
ly
p
la
y
a
lim
ite
d
ro
le
in
fu
n
g
a
l
p
a
n
-g
e
n
o
m
e
e
v
o
lu
tio
n
G
iven
th
e
exten
t
of
H
G
T
in
p
rokaryotes
an
d
its
role
in
gen
-
eratin
g
n
ovel
gen
etic
con
ten
t
an
d
in
th
e
evolu
tion
of
p
ro-
karyotic
gen
e
fam
ilies,
it
is
likely
th
at
H
G
T
p
lays
a
sign
ifican
t
role
in
p
rokaryote
p
an
-gen
om
e
evolu
tion
.
H
G
T
in
eu
karyotes
is
kn
ow
n
to
be
far
less
frequ
en
t
th
an
in
p
ro-
karyotes
h
ow
ever,
so
its
im
p
act
on
eu
karyotic
p
an
-gen
om
e
evolu
tion
m
ay
be
lim
ited
.
W
e
exam
in
ed
th
e
exten
t
of
H
G
T
in
to
fu
n
gal
accessory
gen
om
es
from
tw
o
p
oten
tial
sou
rces
of
n
ovel
gen
etic
con
ten
t:
p
rokaryote
sp
ecies
an
d
oth
er
sp
e-
cies
w
ith
in
th
e
fu
n
gal
kin
gd
om
.
A
screen
for
in
terd
om
ain
H
G
T
even
ts
in
each
fu
n
galaccessory
gen
om
e
follow
in
g
p
re-
viou
s
m
eth
od
ology
[71,
93]
revealed
low
n
u
m
bers
of
p
u
ta-
tive
H
G
T
even
ts
from
p
rokaryote
sou
rces
in
to
fu
n
gal
accessory
gen
om
es
p
er
sp
ecies
(T
able
S3).
G
en
e
tran
sfer
betw
een
p
rokaryotes
an
d
eu
karyotes
is
a
su
bject
of
som
e
con
troversy,
w
ith
d
ifferen
t
stu
d
ies
su
ggestin
g
th
at
in
terd
o-
m
ain
H
G
T
is
altern
ately
n
on
-existen
t
or
a
rare
bu
t
real
occu
rren
ce
[25,
26,
94].
R
egard
less,
from
ou
r
an
alysis
it
ap
p
ears
th
at
in
terd
om
ain
H
G
T
is
n
ot
an
in
flu
en
cin
g
factor
on
accessory
gen
om
e
evolu
tion
(an
d
h
en
ce,
p
an
-gen
om
e
evolu
tion
)
w
ith
in
fu
n
gi.
W
e
th
en
ap
p
lied
a
sim
ilar
screen
for
H
G
T
from
oth
er
fu
n
gal
sp
ecies
in
to
fu
n
gal
accessory
gen
om
es,
an
d
fou
n
d
th
at
u
p
to
8
%
of
fu
n
gal
accessory
gen
om
es
m
ay
be
d
erived
from
in
trakin
gd
om
H
G
T
.
T
h
ere
are
caveats
to
con
sid
er
w
h
en
in
terp
retin
g
th
is
fin
d
in
g
h
ow
-
ever;
alth
ou
gh
som
e
of
th
ese
even
ts
m
ay
be
gen
u
in
e
in
ci-
d
en
ces
of
H
G
T
,
it
is
equ
ally
p
lau
sible
th
at
th
ese
gen
es
h
ave
u
n
d
ergon
e
p
seu
d
ogen
ization
or
h
ave
oth
erw
ise
lost
syn
ten
y
in
on
e
or
m
ore
strain
s/lin
eages.T
h
at
th
e
m
ajority
of
p
oten
-
tiald
on
or
sp
ecies
are
close
relatives
in
each
an
alysis
w
e
p
er-
form
ed
m
ay
in
p
art
su
ggest
th
is;
for
exam
p
le,
96
of
th
e
102
p
u
tative
H
G
T
even
ts
in
to
th
e
Saccharom
yces
cerevisiae
accessory
gen
om
e
h
ave
a
p
oten
tial
d
on
or
from
th
e
sp
ecies
in
th
e
sam
e
p
h
ylu
m
(Sacch
arom
ycotin
a)
an
d
379
of
th
e
392
p
u
tative
H
G
T
even
ts
in
to
th
e
A
spergillu
s
fu
m
igatu
s
acces-
sory
gen
om
e
su
ggest
tran
sfer
from
oth
er
sp
ecies
in
th
e
su
b-
p
h
ylu
m
P
ezizom
ycotin
a
(132
from
P
en
icilliu
m
sp
ecies
alon
e)
(T
able
S3).A
lth
ou
gh
th
ere
ap
p
ears
to
be
greater
evi-
d
en
ce
for
in
trakin
gd
om
H
G
T
h
avin
g
a
role
to
p
lay
in
fu
n
gal
accessory
gen
om
e
evolu
tion
th
an
in
terd
om
ain
H
G
T
,
it
is
ou
r
op
in
ion
th
at
a
d
ed
icated
an
alysis
of
in
trakin
gd
om
H
G
T
in
fu
n
gal
accessory
gen
om
es
u
sin
g
robu
st
p
h
ylogen
etic
M
cC
a
rth
y
a
n
d
F
itzp
a
trick
,
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m
eth
od
s
is
requ
ired
to
test
th
e
tru
e
role
of
in
trakin
gd
om
H
G
T
in
fu
n
galp
an
-gen
om
e
evolu
tion
.
E
u
k
a
ry
o
tic
p
ro
ce
s
s
e
s
s
u
ch
a
s
g
e
n
e
d
u
p
lica
tio
n
m
a
y
in
flu
e
n
ce
fu
n
g
a
l
p
a
n
-g
e
n
o
m
e
e
v
o
lu
tio
n
B
etw
een
29
an
d
41
%
of
fu
n
gal
accessory
gen
om
es
con
tain
gen
e
m
od
els
w
h
ich
ap
p
ear
to
be
d
u
p
licates
of
core
gen
e
m
od
els
th
at
h
ave
u
n
d
ergon
e
su
bsequ
en
t
loss
in
som
e
strain
s,
p
ossibly
by
p
seu
d
ogen
ization
,
m
icrosyn
ten
y
loss
or
exp
an
sion
in
oth
er
strain
s
(T
ables
2
an
d
S1).
C
ryptococcu
s
n
eoform
an
s
var.
gru
bii
h
as
th
e
sm
allest
p
rop
ortion
of
th
ese
d
u
p
licated
core
gen
e
m
od
els
(an
d
con
sequ
en
tly,th
e
h
igh
est
p
rop
ortion
of
accessory
gen
e
m
od
els
th
at
h
ave
p
oten
tially
arisen
via
oth
er
p
rocesses)
an
d
A
spergillu
s
fu
m
igatu
s
h
as
th
e
largest
(T
able
S1).
T
h
is
accou
n
ts
for
betw
een
3
an
d
7
%
of
th
e
total
size
of
fu
n
gal
p
an
-gen
om
es,w
ith
th
e
sm
allest
p
ro-
p
ortion
in
C
an
dida
albican
s
an
d
th
e
largest
in
A
spergillu
s
fu
m
igatu
s
(F
ig.6,T
able
S1).T
h
ese
resu
lts
ap
p
ear
to
in
d
icate
th
at
gen
e
d
u
p
lication
,
w
h
ich
is
th
e
d
rivin
g
factor
of
gen
e
fam
ily
exp
an
sion
in
eu
karyotes,d
oes
p
lay
an
im
p
ortan
t
role
in
th
e
evolu
tion
of
fu
n
gal
accessory
gen
om
es
(an
d
p
an
-
gen
om
es
as
a
w
h
ole)
[95,
96].
T
h
e
larger
p
rop
ortion
of
d
u
p
licated
core
gen
es
in
A
spergillu
s
fu
m
igatu
s
ap
p
ears
to
reflect
th
e
greater
exten
t
of
gen
e
d
u
p
lication
an
d
p
aralogu
e
d
iversity
w
ith
in
th
at
sp
ecies
relative
to
C
ryptococcu
s
n
eofor-
m
an
s
var.gru
bii
an
d
Saccharom
yces
cerevisiae
[97].P
relim
i-
n
ary
an
n
otation
of
th
ese
gen
e
m
od
els
sh
ow
s
th
at
m
an
y
h
ave
p
u
tative
or
kn
ow
n
fu
n
ction
s
in
tran
sp
ort
an
d
ou
ter
m
em
-
bran
e
p
rocesses,w
h
ich
are
p
rocesses
th
at
are
often
m
ed
iated
by
exp
an
d
ed
gen
e
fam
ilies
in
fu
n
gi.
M
ap
p
in
g
th
e
p
resen
ce
or
absen
ce
of
syn
ten
ic
orth
ologu
es
w
ith
in
fu
n
gal
accessory
gen
om
es
fin
d
s
th
at
for
each
sp
ecies
th
e
m
ajority
of
syn
ten
ic
orth
ologu
e
loss
even
ts,
th
rou
gh
ch
rom
osom
al
rearran
gem
en
t
or
gen
e
loss,
or
th
e
gain
of
n
ew
gen
es,
h
as
occu
rred
w
ith
in
strain
s
as
op
p
osed
to
m
ore
an
cestral
bran
ch
es
(F
igs
2
–5).
W
e
search
ed
each
set
of
sin
-
gleton
gen
e
m
od
els
from
each
referen
ce
gen
om
e
again
st
th
e
referen
ce
p
rotein
set
to
assess
th
e
p
u
tative
fu
n
ction
(s)
of
som
e
of
th
ese
strain
-u
n
iqu
e
gen
es.
M
an
y
sin
gleton
gen
e
m
od
els
are
h
om
ologou
s
to
m
em
bran
e
p
rotein
s,D
N
A
/R
N
A
-
bin
d
in
g
or
tran
sp
osition
-related
gen
es
(e.g.
gag/pol
retro-
tran
sp
oson
s
in
Saccharom
yces
cerevisiae,
D
D
E
1
tran
sp
o-
sases
in
A
spergillu
s
fu
m
igatu
s),
w
h
ich
are
u
su
ally
in
d
ep
en
d
en
tly
exp
an
d
ed
or
red
istribu
ted
w
ith
in
in
d
ivid
u
al
fu
n
gal
gen
om
es
[83,
98].
B
etw
een
30
an
d
60
%
of
sin
gleton
gen
e
m
od
els
w
ith
in
each
sp
ecies
p
an
-gen
om
e
d
ataset
h
ad
at
least
on
e
P
fam
d
om
ain
,a
low
er
p
rop
ortion
th
an
th
at
seen
in
each
sp
ecies
d
ataset
(65
–81
%
)
as
a
w
h
ole,
w
h
ich
m
ay
be
an
oth
er
artefact
of
gap
s
in
h
u
m
an
an
n
otation
(T
able
S2).
C
losely
related
strain
s
of
m
an
y
sp
ecies
also
ap
p
ear
to
h
ave
sim
ilar
accessory
gen
om
e
sizes
(e.g.
m
an
y
clad
es
w
ith
in
th
e
Saccharom
yces
cerevisiae
100G
S
d
ataset,th
e
red
u
ced
sizes
of
both
C
ryptococcu
s
n
eoform
an
s
var.
gru
bii
C
45
an
d
M
W
-
R
SA
852
relative
to
m
ost
oth
er
strain
s)
(F
igs
2
–4).
T
h
ere
is
greater
variation
in
th
e
sizes
of
strain
accessory
gen
om
es
in
A
spergillu
s
fu
m
igatu
s;
h
ow
ever,
th
is
m
ay
be
an
artefact
of
taxon
sam
p
lin
g
(F
ig.
5).
Saccharom
yces
cerevisiae
S288C
itself
h
ad
31
sin
gleton
gen
e
m
od
els
n
ot
fou
n
d
in
an
y
oth
er
Saccharom
yces
cerevisiae
strain
.
B
y
com
p
arison
,
th
e
100G
S
au
th
ors
located
108
gen
es
p
resen
t
in
!
1
strain
bu
t
n
ot
in
S288C
an
d
28
gen
es
u
n
iqu
e
to
S288C
[50].
In
total,
th
ese
an
alyses
su
ggest
th
at
fu
n
gal
p
an
-gen
om
es
evolve
by
in
n
ova-
tion
s
origin
atin
g
w
ith
in
fu
n
gi
on
th
e
strain
level,
su
ch
as
gen
e
d
u
p
lication
or
rearran
gem
en
t,
as
op
p
osed
to
bein
g
in
flu
en
ced
by
factors
su
ch
as
H
G
T
from
p
rokaryotic
sou
rces
or
larger
sp
ecies-leveleven
ts.
S
u
b
te
rm
in
a
l
re
g
io
n
s
o
f
fu
n
g
a
l
g
e
n
o
m
e
s
m
a
y
b
e
h
a
rb
o
u
rs
o
f
a
cce
s
s
o
ry
g
e
n
o
m
e
co
n
te
n
t
A
n
alysis
of
th
e
global
d
istribu
tion
of
core
an
d
accessory
gen
e
m
od
els
sh
ow
s
th
at
th
ere
is
a
statistically
sign
ifican
t
bias
tow
ard
s
accessory
gen
e
m
od
els
in
th
e
su
bterm
in
al
region
s
w
ith
in
th
ree
of
th
e
fou
r
referen
ce
gen
om
es
in
ou
r
stu
d
y
an
d
a
statistically
sign
ifican
t
bias
tow
ard
s
core
gen
e
m
od
els
ou
tsid
e
th
ese
su
bterm
in
al
region
s
in
th
e
sam
e
gen
om
es
(P
<
0.05)
(F
ig.
S7a,
c,
d
,
T
able
S4).
T
h
e
sole
excep
tion
is
C
an
dida
albican
s
SC
5314,
w
h
erein
th
ere
is
a
statistically
sign
ifican
t
bias
for
core
gen
e
m
od
-
els
w
ith
in
su
bterm
in
al
region
s
(P
<
0.05)
(F
ig.
S7b,
T
able
S4).
T
h
e
su
bterm
in
al
region
s
of
ch
rom
osom
es
are
u
su
ally
areas
of
gen
om
ic
in
stability
in
eu
karyotes,
so
it
is
u
n
su
rp
risin
g
th
at
w
e
observe
greater
breakd
ow
n
of
syn
ten
y
in
th
ese
region
s
[99].
T
erm
in
al
an
d
su
bterm
in
al
region
s
of
ch
rom
osom
es
(i.e.
telom
eres
an
d
su
btelom
eric
region
s)
are
also
kn
ow
n
h
otsp
ots
of
recom
bin
ation
in
fu
n
gi,
w
h
ich
can
lead
to
th
e
evolu
tion
of
n
ovel
gen
etic
con
ten
t,
an
d
in
som
e
fu
n
gi
su
ch
recom
bin
atory
h
otsp
ots
are
p
oten
tially
en
rich
ed
for
secreted
p
rotein
s
[100].
A
ll
fu
n
gal
referen
ce
gen
om
es
p
ossess
at
least
on
e
ch
rom
o-
som
e
th
at
is
en
rich
ed
for
accessory
gen
e
m
od
els;
th
ese
ch
rom
osom
es
m
ay
h
ave
u
n
d
ergon
e
recom
bin
ation
or
tran
slocation
even
ts
th
at
lead
to
th
e
breakd
ow
n
of
syn
-
ten
y
or
th
e
even
tu
al
evolu
tion
of
n
ovel
gen
es
(T
able
S4).
Su
ch
tran
slocation
even
ts
are
kn
ow
n
to
h
ave
occu
rred
w
ith
in
som
e
strain
s
of
Saccharom
yces
cerevisiae
an
d
A
spergillu
s
fu
m
igatu
s
in
p
articu
lar
[86,
99,
101,
102].
In
som
e
referen
ce
gen
om
es
su
ch
as
A
spergillu
s
fu
m
igatu
s
A
f293
large
clu
sters
of
accessory
gen
om
e
con
-
ten
t
can
be
observed
ou
tsid
e
th
e
su
bterm
in
al
region
s,
w
h
ich
m
ay
reflect
in
stan
ces
of
strain
-
or
lin
eage-sp
ecific
gen
om
ic
rearran
gem
en
t
even
ts
(F
ig.
S7).
Su
ch
rearran
ge-
m
en
ts
are
lin
ked
to
en
viron
m
en
tal
ad
ap
tation
an
d
rep
rod
u
ctive
isolation
in
Saccharom
yces
cerevisiae
gen
om
es
[103].
In
C
ryptococcu
s
n
eoform
an
s
var.
gru
bii,
th
e
greater
d
egree
of
accessory
gen
om
e
con
ten
t
fou
n
d
ou
tsid
e
su
bterm
in
al
region
s
m
ay
be
a
reflection
of
th
e
role
th
at
gen
om
ic
rearran
gem
en
t
p
lays
in
sh
ap
in
g
th
e
gen
om
es
of
in
d
ivid
u
al
strain
s
w
ith
in
th
e
h
ost
[86].
F
u
n
g
a
l
co
re
a
n
d
a
cce
s
s
o
ry
g
e
n
o
m
e
s
e
n
co
m
p
a
s
s
v
a
rio
u
s
b
io
lo
g
ica
l
p
a
th
w
a
y
s
a
n
d
p
h
e
n
o
ty
p
e
s
D
u
e
to
its
p
osition
as
argu
ably
th
e
m
ost
com
p
lete
fu
n
gal
m
od
el
organ
ism
,
th
ere
is
a
w
ealth
of
m
an
u
ally
an
n
otated
fu
n
ction
ald
ata
available
for
Saccharom
yces
cerevisiae
th
at
is
lackin
g
for
oth
er
sp
ecies.
O
n
e
su
ch
collection
is
th
e
M
cC
a
rth
y
a
n
d
F
itzp
a
trick
,
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system
atic
m
u
tation
set
available
from
th
e
SG
D
,
w
h
ich
in
clu
d
es
am
on
gst
oth
er
d
atasets
a
system
atically
con
-
stru
cted
gen
om
e-w
id
e
set
of
d
eletion
p
h
en
otyp
es
for
m
an
y
d
ifferen
t
strain
s
of
Saccharom
yces
cerevisiae
[17,
73].
U
sin
g
recip
rocal
B
L
A
ST
P
search
es
again
st
th
e
referen
ce
p
rotein
set
as
w
ellas
d
ata
from
th
e
system
atic
m
u
tation
set,w
e
in
ferred
th
e
kn
ockou
t
viability
of
th
e
core
an
d
accessory
gen
om
es
of
Saccharom
yces
cerevisiae
S288C
.
W
e
fou
n
d
th
at
th
e
core
Saccharom
yces
cerevisiae
S288C
gen
om
e
is
n
ot
sign
ifican
tly
over-rep
resen
ted
for
eith
er
kn
ockou
t-viable
or
kn
ockou
t-
in
viable
gen
es
(T
able
S5).T
h
is
m
ay
reflect
th
e
fact
less
th
an
20
%
of
th
e
gen
es
en
cod
ed
in
th
e
Saccharom
yces
cerevisiae
S288C
gen
om
e
are
th
ou
gh
t
to
be
essen
tial
for
grow
th
an
d
,
th
u
s,
likely
kn
ockou
t-in
viable
[104].
It
is
w
orth
observin
g,
h
ow
ever,
th
at
962
of
th
e
1031
p
red
icted
gen
e
m
od
els
w
ith
an
in
viable
kn
ockou
t
p
h
en
otyp
e
are
w
ith
in
th
e
core
Saccha-
rom
yces
cerevisiae
gen
om
e
(T
able
S5).In
con
trast,th
ere
is
a
sign
ifican
t
p
rop
ortion
of
gen
e
m
od
els
w
ith
in
th
e
Saccharo-
m
yces
cerevisiae
S288C
accessory
gen
om
e
th
at
are
associated
w
ith
a
viable
kn
ockou
t
p
h
en
otyp
e
(P
<
0.05),
w
h
ich
ap
p
ears
to
rein
force
th
e
m
ore
variable
n
atu
re
of
sp
ecies
accessory
gen
om
es
relative
to
core
gen
om
es
(T
able
S5).
U
n
like
filam
en
tou
s
fu
n
gi
su
ch
as
A
spergillu
s
sp
ecies,
m
an
y
yeasts
lack
B
G
C
s.Som
ew
h
at
an
alogou
s
to
B
G
C
s
in
Saccha-
rom
yces
cerevisiae
are
sm
allD
P
gen
e
clu
sters
of
fu
n
ction
ally
related
gen
es,
w
h
ich
h
ave
been
lost
in
oth
er
Saccharom
yces
an
d
related
sp
ecies
bu
t
w
ere
later
regain
ed
in
Saccharom
yces
cerevisiae
via
H
G
T
or
n
eofu
n
ction
alization
[74].
H
all
an
d
D
ietrich
[74]
p
reviou
sly
d
escribed
14
su
ch
clu
sters,
en
com
-
p
assin
g
38
referen
ce
an
d
an
oth
er
3
n
on
-referen
ce
gen
es,
w
h
ich
are
in
volved
in
m
an
y
d
ifferen
t
m
etabolic
p
rocesses
[74].
O
u
r
an
alysis
of
th
e
d
istribu
tion
of
38
referen
ce
D
P
gen
es
w
ith
in
th
e
Saccharom
yces
cerevisiae
p
an
-gen
om
e
fou
n
d
on
e
D
P
clu
ster
th
at
ap
p
ears
to
be
com
p
letely
con
-
served
in
th
e
p
an
-gen
om
e;a
clu
ster
on
ch
rom
osom
e
II
con
-
tain
in
g
th
ree
G
A
L
gen
es
th
at
m
ed
iates
th
e
d
egrad
ation
of
galactose
to
galactose-1-p
h
osp
h
ate
w
ith
in
th
e
glycolysis
p
ath
w
ay
[105]
(T
able
S5).
O
th
er
clu
sters
w
ere
h
igh
ly
con
-
served
across
alm
ost
all
strain
s
bu
t
n
ot
u
n
iversally
con
-
served
in
ou
r
d
ataset,
i.e.
a
sm
all
n
u
m
ber
of
strain
s.
Su
ch
h
igh
ly
con
served
clu
sters
in
clu
d
e
tw
o
clu
sters
in
volved
in
th
e
m
etabolism
of
B
vitam
in
s;
a
th
ree
gen
e
B
IO
biotin
u
p
take
clu
ster
on
ch
rom
osom
e
X
IV
an
d
a
SN
O
1-SN
Z
1
vita-
m
in
B
6
m
etabolism
clu
ster
on
ch
rom
osom
e
X
III
(T
able
S5)
[74].
A
n
oth
er
h
igh
ly
con
served
six
gen
e
D
A
L
-D
C
G
clu
ster
fou
n
d
on
ch
rom
osom
e
IX
,
th
e
largest
D
P
clu
ster,
allow
s
Saccharom
yces
cerevisiae
to
u
se
allan
toin
as
its
sole
n
itrogen
sou
rce
th
rou
gh
a
p
ath
w
ay
in
w
h
ich
allan
toin
is
con
verted
to
u
rea,
w
h
ich
is
th
en
con
verted
in
to
am
m
on
iu
m
by
D
U
R
1-2
[106].
A
SA
M
4-SA
M
3
clu
ster
th
at
en
ables
th
e
u
sage
of
S-
ad
en
osylm
eth
ion
in
e
as
a
su
lp
h
u
r
sou
rce
h
as
on
e
of
th
e
tw
o
m
em
ber
gen
es
m
issin
g
in
fou
r
strain
s
(an
d
is
en
tirely
absen
t
in
Y
JM
969)
(T
able
S5).
It
is
p
ossible
th
at
som
e
strain
s
m
ay
sim
p
ly
be
m
issin
g
a
syn
-
ten
ic
orth
ologu
e
of
on
e
or
m
ore
gen
es
in
a
clu
ster
d
u
e
to
p
seu
d
ogen
ization
or
syn
ten
y
loss
d
u
e
to
ch
rom
osom
al
rearran
gem
en
t.
O
th
er
D
P
clu
sters
h
ave
m
ore
p
atch
y
d
istri-
bu
tion
w
ith
in
th
e
Saccharom
yces
cerevisiae
sp
ecies
p
an
-
gen
om
e,
p
articu
larly
th
ose
w
ith
in
su
bterm
in
al
region
s
in
Saccharom
yces
cerevisiae
S288C
,
w
h
ich
m
ay
in
d
icate
a
greater
breakd
ow
n
of
syn
ten
y
or
gen
e
loss
w
ith
in
th
ese
clu
s-
ters.F
or
som
e
clu
sters,th
is
m
ay
be
d
u
e
to
fu
n
ction
alred
u
n
-
d
an
cy;
for
exam
p
le,
th
ree
D
P
clu
sters
are
in
volved
in
vitam
in
B
1
an
d
B
6
m
etabolism
,
th
e
aforem
en
tion
ed
SN
O
1-
SN
Z
1
clu
ster
is
con
served
across
alm
ost
all
100
strain
s
w
h
ereas
th
e
oth
er
tw
o
clu
sters
h
ave
p
atch
ier
d
istribu
tion
or
are
totally
m
issin
g
in
som
e
strain
s
(e.g.
in
th
e
In
d
on
esian
strain
Y
JM
1244,
tw
o
clu
sters
are
com
p
letely
con
served
bu
t
th
e
oth
er
is
absen
t)
(T
able
S5).
O
th
er
p
oten
tial
cau
ses
for
th
is
varyin
g
d
istribu
tion
of
D
P
clu
sters
m
ay
in
clu
d
e
en
vi-
ron
m
en
tal
ad
ap
tation
s.
O
n
e
D
P
clu
ster
th
at
con
fers
arsen
ic
resistan
ce
is
p
revalen
t
in
m
an
y
w
in
e/E
u
rop
ean
strain
s,
bu
t
h
as
m
u
ch
p
atch
ier
con
servation
in
n
on
-E
u
rop
ean
strain
s
or
strain
s
w
ith
M
alaysian
or
W
est
A
frican
an
cestry
(su
ch
as
SK
1).
O
n
e
m
em
ber
gen
e
of
th
is
clu
ster,
A
R
R
3,
is
absen
t
in
49
ou
t
of
th
e
100
strain
s
in
ou
r
d
ataset,
in
clu
d
in
g
m
an
y
m
osaic
strain
s
w
ith
w
in
e/E
u
rop
ean
an
d
M
alaysian
an
cestry.
In
creased
arsen
ic
resistan
ce
h
as
been
observed
in
strain
s
of
E
u
rop
ean
an
cestry,likely
as
a
resu
lt
of
an
th
rop
ogen
ic
in
flu
-
en
ce
on
soil
com
p
osition
,w
h
ich
m
ay
exp
lain
th
e
A
R
R
clu
s-
ter’s
absen
ce
in
som
e
n
on
-E
u
rop
ean
strain
s
[34,
76].
A
d
d
ition
ally,
th
e
A
R
R
clu
ster
is
located
in
th
e
su
bterm
in
al
region
s
of
ch
rom
osom
e
X
V
I
in
Saccharom
yces
cerevisiae
S228C
;
th
is
su
ggests
gen
e
loss
or
ch
rom
osom
al
rearran
ge-
m
en
ts
am
on
gst
oth
er
even
ts
m
ay
be
resp
on
sible
for
th
e
absen
ce
of
A
R
R
3
in
th
e
A
R
R
clu
ster
of
m
an
y
strain
s
[34,
107].
W
ith
in
th
e
asp
ergilli
an
d
oth
er
fu
n
gi,
fu
n
ction
ally
related
gen
es
in
volved
in
secon
d
ary
m
etabolism
p
ath
w
ays
are
often
arran
ged
in
to
B
G
C
s
w
ith
in
th
e
su
bterm
in
alregion
s
of
ch
ro-
m
osom
es.
T
h
ese
B
G
C
s
are
in
volved
in
a
ran
ge
of
in
fection
an
d
su
rvival
p
rocesses
in
th
e
asp
ergilli,
an
d
su
bterm
in
al
region
s
th
em
selves
are
believed
to
m
ed
iate
th
e
in
fection
p
rocess
of
A
spergillu
s
fu
m
igatu
s
in
th
e
h
u
m
an
h
ost
[91,
92,
99,
108].
O
u
r
an
alysis
of
kn
ow
n
B
G
C
s
in
th
e
A
spergillu
s
fu
m
igatu
s
p
an
-gen
om
e
fou
n
d
14
B
G
C
s
th
at
w
ere
com
p
letely
con
served
,
a
n
u
m
ber
of
w
h
ich
are
in
volved
in
th
e
p
rod
u
c-
tion
of
m
ycotoxin
s.
O
th
er
B
G
C
s
h
ave
on
e
or
tw
o
syn
ten
ic
orth
ologu
es
th
at
are
m
issin
g
in
oth
er
strain
s,
in
th
ese
cases
th
e
m
ajority
of
th
ese
gen
es
m
ay
p
lay
m
ore
in
d
irect
roles
in
clu
ster
fu
n
ction
an
d
,th
erefore,be
less
likely
to
be
con
served
w
ith
in
clu
sters,
w
h
ile
som
e
are
on
ly
p
artially
p
resen
t
or
com
p
letely
absen
t
in
som
e
strain
s
bu
t
are
h
igh
ly
con
served
in
oth
ers
(T
able
S5).
A
n
an
alysis
of
variation
of
A
spergillu
s
fu
m
igatu
s
B
G
C
s
u
sin
g
sh
ort-read
d
ata
by
L
in
d
et
al.
[109]
fou
n
d
sim
ilar
p
attern
s
of
B
G
C
variation
to
ou
r
gen
e-level
fu
n
ction
al
an
alysis
[109].
L
in
d
et
al.
[109]
observed
som
e
tren
d
s
th
at
exp
lain
th
e
variation
in
B
G
C
s
w
ith
in
A
spergillu
s
fu
m
igatu
s
in
both
th
eir
an
alysis
an
d
ou
rs;
for
exam
p
le,
a
fu
sarielin
-like
clu
ster
w
e
id
en
tified
as
m
issin
g
from
A
1163
an
d
p
artially
p
resen
t
in
oth
er
strain
s
h
as
gain
ed
p
seu
d
oge-
n
izin
g
m
u
tation
s
in
som
e
strain
s
bu
t
n
ot
oth
ers,
w
h
ereas
variation
in
oth
er
accessory
B
G
C
s
is
d
u
e
to
factors
su
ch
as
M
cC
a
rth
y
a
n
d
F
itzp
a
trick
,
M
icrob
ial
G
en
om
ics
2
0
1
9
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tran
sp
osable
elem
en
ts
(as
is
th
e
case
in
a
27
m
em
ber
P
K
S
clu
ster)
or
lin
eage-sp
ecific
gen
e
acqu
isition
/loss
even
ts
[109].
T
h
is
su
ggests
th
at
som
e
B
G
C
s
are
in
variably
con
-
served
d
u
e
to
th
e
im
p
ortan
ce
of
th
eir
fu
n
ction
(su
ch
as
glio-
toxin
s),w
h
ile
oth
ers
m
ay
be
lost
in
p
articu
lar
strain
s
d
u
e
to
en
viron
m
en
talad
ap
tation
s
or
oth
er
factors.
O
th
e
r
re
m
a
rk
s
C
om
p
ared
to
th
e
in
creasin
g
am
ou
n
t
of
softw
are
d
esign
ed
to
con
stru
ct
an
d
ch
aracterize
bacterial
an
d
arch
aeal
p
an
-
gen
om
es,
little
d
ed
icated
p
an
-gen
om
e
softw
are
exists
for
eu
karyote
taxa.
O
u
r
overall
m
eth
od
of
an
alysis,
besp
oke
gen
e
m
od
el
p
red
iction
follow
ed
by
p
an
-gen
om
e
con
stru
c-
tion
u
sin
g
P
an
O
C
T
as
th
e
an
ch
or
m
eth
od
,
is
ad
h
oc
bu
t
m
ay
p
oin
t
tow
ard
s
a
su
fficien
tly
op
tim
ized
syn
ten
ic
m
eth
od
of
p
an
-gen
om
e
con
stru
ction
for
eu
karyotes
in
th
e
fu
tu
re.
O
n
th
is
p
oin
t,
it
is
w
orth
n
otin
g
th
at
P
an
O
C
T
’s
cu
rren
t
im
p
lem
en
tation
h
as
an
exp
on
en
tial
m
em
ory
u
sage
cu
rve
p
er
gen
om
e
ad
d
ed
,
w
h
ich
m
akes
an
alysis
of
p
rokaryotic
or
eu
karyotic
d
atasets
of
th
is
scale
d
ifficu
lt
w
ith
ou
t
d
ed
icated
h
igh
-p
erform
an
ce
com
p
u
tation
al
facilities
[38].T
h
e
relative
lack
of
G
O
in
form
ation
for
som
e
fu
n
galsp
ecies
(e.g.C
rypto-
coccu
s
n
eoform
an
s
var.
gru
bii,w
h
ich
cu
rren
tly
lacks
a
d
ed
i-
cated
G
O
-slim
d
ataset)
m
ay
h
ave
affected
ou
r
fu
n
ction
al
ch
aracterization
of
fu
n
gal
p
an
-gen
om
es.
W
e
attem
p
ted
to
am
eliorate
th
is
lack
of
d
ata
by
u
sin
g
oth
er
sou
rces
of
gen
o-
m
ic
in
form
ation
(e.g.
kn
ockou
t
d
ata
from
SG
D
for
Saccha-
rom
yces
cerevisiae),
th
ou
gh
th
eir
efficacy
is
u
ltim
ately
d
ep
en
d
en
t
on
h
u
m
an
an
n
otation
.
O
n
e
caveat
of
large-scale
p
an
-gen
om
e
an
alysis
of
th
is
kin
d
m
ay
be
th
e
u
sage
of
gen
om
es
assem
bled
via
a
referen
ce-based
ap
p
roach
as
op
p
osed
to
de
n
ovo
ap
p
roach
es,
w
h
ich
m
ay
th
en
lead
to
an
u
n
d
erestim
ation
of
accessory
gen
om
e
sizes
w
ith
in
sp
ecies
p
an
-gen
om
es
d
u
e
to
u
n
d
erestim
ation
of
sequ
en
ce
d
iversity
or
in
h
eritan
ce
of
assem
bly
artefacts
from
th
e
referen
ce
gen
om
e
[110].
T
h
e
m
ajority
of
gen
om
es
u
sed
for
each
sp
e-
cies
d
ataset
w
ere
assem
bled
u
sin
g
de
n
ovo
ap
p
roach
es,
for
exam
p
le,
th
e
100G
S
d
ataset
is
p
red
om
in
an
tly
de
n
ovo
sequ
en
ced
strain
s,so
th
e
p
oten
tial
effects
of
overrelian
ce
on
referen
ce-based
assem
bly
d
ata
m
ay
h
ave
been
red
u
ced
in
ou
r
stu
d
y
[50].
T
h
e
size
of
a
sp
ecies
p
an
-gen
om
e
an
d
its
com
p
lem
en
ts
are
u
ltim
ately
d
ep
en
d
en
t
on
th
e
am
ou
n
t
an
d
th
e
geograp
h
ical
or
p
h
en
otyp
ical
variety
of
gen
om
ic
d
ata
sam
p
led
.M
eth
od
o-
logical
d
ifferen
ces
n
otw
ith
stan
d
in
g,
ou
r
100
strain
an
alysis
of
th
e
Saccharom
yces
cerevisiae
p
an
-gen
om
e
an
d
th
e
1011
strain
an
alysis
by
P
eter
et
al.[36]
p
red
ict
sim
ilar-sized
p
an
-
gen
om
es
[36].
In
con
trast,
ou
r
recon
stru
ction
of
th
e
C
an
-
dida
albican
s
p
an
-gen
om
e
likely
u
n
d
erestim
ates
th
e
tru
e
size
of
th
e
C
an
dida
albican
s
accessory
gen
om
e
d
u
e
to
a
lack
of
n
on
-clin
icalgen
om
ic
d
ata.T
h
e
greater
variation
of
acces-
sory
gen
om
e
sizes
betw
een
in
d
ivid
u
al
strain
s
of
C
ryptococ-
cu
s
n
eoform
an
s
var.gru
bii
an
d
A
spergillu
s
fu
m
igatu
s
m
ay
be
an
artefact
of
th
ere
bein
g
few
er
strain
gen
om
es
available
for
both
sp
ecies,
w
h
ich
w
ou
ld
in
tu
rn
affect
th
e
sizes
of
th
ose
sp
ecies’p
an
-gen
om
es.T
h
ere
h
ave
been
attem
p
ts
to
estim
ate
th
e
‘tru
e
’
size
of
bacterial
p
an
-gen
om
es
from
existin
g
d
ata
u
sin
g
d
ifferen
t
m
ath
em
atical
m
od
els,
w
h
ich
vary
from
in
ferrin
g
alm
ost
in
fin
ite
p
an
-gen
om
es
th
at
in
crease
in
size
w
ith
each
strain
ad
d
ed
to
stricter
m
od
els
th
at
in
fer
a
m
ore
fin
ite
stru
ctu
re
for
m
ost
bacterial
sp
ecies
[5,
6,
111].
F
u
tu
re
an
alysis
of
fu
n
gal
sp
ecies
p
an
-gen
om
es
sh
ou
ld
attem
p
t
to
qu
an
tify
th
eir
tru
e
size
u
sin
g
sim
ilar
m
eth
od
s.
C
o
n
clu
s
io
n
s
E
vid
en
ce
for
th
e
existen
ce
of
p
an
-gen
om
ic
stru
ctu
re
h
as
been
d
em
on
strated
in
eu
karyotic
taxa
u
sin
g
a
variety
of
m
eth
od
ologies.
U
sin
g
com
p
u
tation
al
m
eth
od
s
based
on
sequ
en
ce
sim
ilarity
an
d
con
served
syn
ten
y
betw
een
strain
s,
w
e
h
ave
con
stru
cted
an
d
ch
aracterized
sp
ecies
p
an
-gen
om
es
for
fou
r
m
od
el
fu
n
gi:
Saccharom
yces
cerevisiae,
C
an
dida
albican
s,
C
ryptococcu
s
n
eoform
an
s
var.
gru
bii
an
d
A
spergil-
lu
s
fu
m
igatu
s.
D
efin
in
g
core
gen
om
es
as
con
tain
in
g
gen
e
m
od
els
syn
ten
ically
con
served
th
rou
gh
ou
t
sp
ecies
an
d
accessory
gen
om
es
as
con
tain
in
g
gen
e
m
od
els
of
varyin
g
syn
ten
ic
con
servation
an
d
d
istribu
tion
th
rou
gh
ou
t
sp
ecies,
w
e
fin
d
stron
g
evid
en
ce
for
p
an
-gen
om
ic
stru
ctu
re
w
ith
in
fu
n
gi.
B
etw
een
80
an
d
90
%
of
all
p
oten
tial
gen
e
m
od
els
in
fu
n
gal
sp
ecies
are
core
gen
e
m
od
els,
w
ith
th
e
rem
ain
d
er
bein
g
accessory
gen
e
m
od
els
th
at
are
strain
-sp
ecific
or
sp
e-
cific
to
in
d
ivid
u
al
grou
p
s
of
strain
s.
F
u
n
gal
core
gen
om
es
are
en
rich
ed
for
gen
es
of
an
cien
t
origin
an
d
facilitate
m
an
y
essen
tial
m
etabolic,
regu
latory
an
d
su
rvival
p
rocesses
in
both
com
m
en
sal
an
d
p
ath
ogen
ic
sp
ecies.
F
u
n
gal
accessory
gen
om
es
are
en
rich
ed
for
gen
es
of
m
ore
recen
t
origin
,
ap
p
ear
to
evolve
an
d
vary
in
size
by
p
rocesses
like
gen
e
d
u
p
lication
an
d
gain
/loss
even
ts
w
ith
in
strain
s,
an
d
are
en
rich
ed
for
gen
es
in
volved
in
m
olecu
le
tran
sp
ort
an
d
car-
boh
yd
rate
m
etabolism
am
on
gst
oth
er
fu
n
ction
s.O
u
r
an
aly-
sis
su
p
p
orts
th
e
grow
in
g
am
ou
n
t
of
evid
en
ce
for
p
an
-
gen
om
ic
stru
ctu
re
in
eu
karyotes.
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A
bstract:
A
lthough
the
pan-genom
e
concept
originated
in
prokaryote
genom
ics,
an
increasing
num
berofeukaryote
species
pan-genom
es
have
also
been
analysed.H
ow
ever,there
is
a
relative
lack
ofsoftw
are
intended
foreukaryote
pan-genom
e
analysis
com
pared
to
thatavailable
forprokaryotes.
In
a
previous
study,w
e
analysed
the
pan-genom
es
offourm
odelfungiw
ith
a
com
putationalpipeline
thatconstructed
pan-genom
es
using
the
synteny-dependentPan-genom
e
O
rtholog
C
lustering
Tool
(PanO
C
T)approach.H
ere,w
e
presenta
m
odified
and
im
proved
version
ofthatpipeline
w
hich
w
e
have
called
Pangloss.Pangloss
can
perform
gene
prediction
fora
setofgenom
es
from
a
given
species
thatthe
user
provides,constructs
and
optionally
refines
a
species
pan-genom
e
from
thatsetusing
PanO
C
T,and
can
perform
various
functionalcharacterisation
and
visualisation
analyses
ofspecies
pan-genom
e
data.
To
dem
onstrate
Pangloss’s
capabilities,w
e
constructed
and
analysed
a
species
pan-genom
e
forthe
oleaginousyeastYarrow
ia
lipolytica
and
also
reconstructed
a
previously-published
species
pan-genom
e
for
the
opportunistic
respiratory
pathogen
A
spergillus
fum
igatus.
Pangloss
is
im
plem
ented
in
Python,Perland
R
and
is
freely
available
under
an
open
source
G
PLv3
licence
via
G
itH
ub.
K
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1.Introduction
Species
pan-genom
es
have
been
extensively
studied
in
prokaryotes,w
here
pan-genom
e
evolution
is
prim
arily
driven
by
ram
pant
horizontal
gene
transfer
(H
G
T)
[1–4].
Pan-genom
e
evolution
in
prokaryotes
can
also
vary
substantially
as
a
resultoflifestyle
and
environm
entalfactors;opportunistic
pathogens
such
as
Pseudom
onas
aeruginosa
have
large
“open”
pan-genom
es
w
ith
large
proportions
ofaccessory
genes,w
hereas
obligate
intracellular
parasites
such
as
C
hlam
ydia
species
have
sm
aller
“closed”
pan-genom
es
w
ith
larger
proportions
ofconserved
core
genes
and
a
sm
aller
poolofnovel
genetic
content[5–7].Studies
ofpan-genom
e
evolution
w
ithin
eukaryotes
has
notbeen
as
extensive
as
thatofprokaryotesto
date,aseukaryote
genom
esare
generally
m
ore
di 
cultto
sequence
and
assem
ble
in
large
num
bers
relative
to
prokaryote
genom
es.
H
ow
ever,consistentevidence
for
pan-genom
ic
structure
w
ithin
eukaryotes
has
been
dem
onstrated
in
plants,fungiand
plankton
[8–12].
U
nlike
prokaryote
pan-genom
es,eukaryote
pan-genom
es
evolve
via
a
variety
ofprocesses
besides
H
G
T,these
include
variations
in
ploidy
and
heterozygosity
w
ithin
plants
[8],and
cases
ofintrogression,gene
duplication
and
repeat-induced
pointm
utation
in
fungiand
plankton
[9–12].
The
m
ajority
of
softw
are
and
pipelines
available
for
pan-genom
e
analysis
are
explicitly
or
im
plicitly
intended
for
prokaryote
datasets.
For
exam
ple,
the
com
m
only-cited
pipeline
R
oary
is
intended
for
use
w
ith
genom
ic
location
data
generated
by
the
prokaryote
genom
e
annotation
softw
are
Prokka
[13,14].
A
num
ber
of
other
m
ethodologies
such
as
seq-seq-pan
or
SplitM
EM
use
genom
e
alignm
ent
or
de
Bruijn
graph-based
approaches
for
pan-genom
e
construction,w
hich
are
G
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w
w
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usually
com
putationally
im
practicable
for
eukaryote
analysis
[15,16].
O
ther
com
m
on
pan-genom
e
m
ethodologies,
such
as
the
Large
Scale
BLA
ST
Score
R
atio
(LS-BSR
)
approach
or
the
M
arkov
C
luster
A
lgorithm
(M
C
L)/M
ultiParanoid-dependent
Pan-genom
e
A
nalysis
Pipeline
(PG
A
P),m
ay
have
potentialapplication
in
eukaryote
pan-genom
e
analysis
butas
ofw
riting
no
such
application
has
occurred
[17–20].
O
f
the
eukaryote
pan-genom
e
analyses
in
the
literature,
som
e
construct
pan-genom
es
by
m
apping
and
aligning
sequence
reads
using
pipelines
such
as
the
Eukaryotic
Pan-genom
e
A
nalysis
Toolkit(EU
PA
N
)[8,12,21],or
have
constructed
and
characterised
eukaryote
pan-genom
es
using
bespoke
BLA
ST-dependentorclustering
algorithm
-dependentsequence
clustering
approaches
[9,10,12].In
a
previous
article,w
e
constructed
and
analysed
the
species
pan-genom
es
of
four
m
odelfungiincluding
Saccharom
ycescerevisiae,using
the
synteny-based
Pan-genom
e
O
rtholog
C
lustering
Tool(PanO
C
T,https://sourceforge.net/projects/panoct/)m
ethod
in
addition
to
our
ow
n
prediction
and
analysis
pipelines
[11,22].PanO
C
T
w
as
initially
developed
forprokaryote
pan-genom
e
analysis,and
constructs
a
pan-genom
e
from
a
given
datasetby
clustering
hom
ologous
sequences
from
di↵erentinputgenom
es
together
into
clusters
ofsyntenic
orthologs
based
on
a
m
easurem
entof
localsyntenic
conservation
betw
een
these
sequences,referred
to
as
a
conserved
gene
neighbourhood
(C
G
N
)score,and
BLA
ST
score
ratio
(BSR
)assessm
entofsequence
sim
ilarity
[22,23].C
rucially,this
synteny-based
approach
allow
s
PanO
C
T
to
distinguish
betw
een
paralogous
sequences
w
ithin
the
sam
e
genom
e
w
hen
assessing
orthologous
sequences
betw
een
genom
es
[11].
H
ere,w
e
presenta
refined
and
im
proved
version
ofour
PanO
C
T-based
pan-genom
e
analysis
pipelinew
hich
w
ehavecalled
Pangloss.Panglossincorporatesreference-based
and
ab
initio
genem
odel
prediction
m
ethods,and
synteny-based
pan-genom
e
construction
using
PanO
C
T
w
ith
an
optional
refinem
entbased
on
reciprocalsequence
sim
ilarity
betw
een
clustersofsyntenicorthologs.Panglosscan
also
perform
a
num
berofdow
nstream
characterisation
analyses
ofeukaryote
pan-genom
es,including
G
eneO
ntology
(G
O
-slim
)term
enrichm
entin
coreand
accessory
genom
es,selection
analysesin
coreand
accessory
genom
esand
visualisation
ofpan-genom
icdata.To
dem
onstrate
the
pipeline’scapabilitiesw
e
have
constructed
and
analysed
a
species
pan-genom
e
forthe
oleaginous
yeastYarrow
ia
lipolytica
using
Pangloss
[24].Y.lipolytica
is
one
ofthe
earliest-diverging
yeasts
and
has
seen
various
applications
as
a
non-conventionalyeastm
odelforprotein
secretion,regulation
ofdim
orphism
and
lipid
accum
ulation,
and
is
a
potential
alternative
source
for
biofuels
and
other
oleochem
icals
[25–31].
W
e
have
also
reconstructed
the
species
pan-genom
e
ofthe
opportunistic
respiratory
pathogen
A
spergillusfum
igatus
from
a
previous
study
as
a
control[11].Pangloss
is
im
plem
ented
in
Python,Perland
R
,and
is
freely
available
under
an
open
source
G
PLv3
licence
from
http://github.com
/chm
ccarthy
/Pangloss.
2.M
aterials
and
M
ethods
2.1.Im
plem
entation
Pangloss
is
predom
inantly
w
ritten
in
Python
w
ith
som
e
R
and
Perl
com
ponents,
and
is
com
patible
w
ith
m
acO
S
and
Linux
operating
system
s.Pangloss
perform
s
a
series
ofgene
prediction,
gene
annotation
and
functionalanalyses
to
characterise
the
pan-genom
es
ofm
icrobialeukaryotes.
These
analyses
can
be
enabled
by
the
user
by
invoking
their
corresponding
flags
on
the
com
m
and
line,and
m
any
ofthe
param
eters
ofthese
analyses
are
controlled
by
Pangloss
using
a
configuration
file.The
various
dependencies
foreukaryote
pan-genom
e
analysis
using
Pangloss
are
given
in
Table
1
along
w
ith
versions
tested
and
the
w
orkflow
ofPangloss
is
given
in
Figure
1,both
are
described
in
greaterdetailbelow
[32–45].A
userm
anualas
w
ellas
furtherinstallation
instructions
and
dow
nload
locations
foralldependencies
ofPangloss
are
available
from
http://github.com
/chm
ccarthy
/Pangloss/.
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Table
1.Listofvarious
dependencies
for
Pangloss,versions
tested
in
parentheses.PanO
C
T
included
w
ith
Pangloss.
See
http://github.com
/chm
ccarthy
/Pangloss/
for
dow
nload
location
and
detailed
installation
instructions
for
each
dependency.
D
ependencies
Function
Python
(2.7.10)*.BioPython
(1.7.3)[32]
Base
environm
entfor
Pangloss.
Exonerate
(2.4)[33],G
eneM
ark-ES
(4.3.8)[38],
TransD
ecoder
(5.5)[39]
G
ene
m
odelprediction.
BLA
ST
+
(2.9.0)[40]
A
ll-vs.-allsequence
sim
ilarity
search,dubious
gene
sim
ilarity
search.
BU
SC
O
(3.1)[41]
G
ene
m
odelsetcom
pleteness
analysis.
PanO
C
T
(3.2)[22]
Pan-genom
e
construction.
M
U
SC
LE
(3.8.31)[42],PA
M
L
(4.8)[43]
Selection
analysis
ofcore/accessory
clusteralignm
ent
using
yn00.
InterProScan
(5.34) †
[44],G
O
A
Tools
(0.8.12)[45]
Functionalclassification
and
functionalenrichm
ent
analysis
ofpan-genom
e.
R
(3.6),ggplot(3.2)[34],ggrepel(0.8.1),U
pSetR
(1.4)
[35],Bioconductor(3.9)[36],K
aryoploteR
(1.10.3)[37]
V
isualisation
ofpan-genom
e
size
and
distributions
across
genom
es.
*R
equired
for
allanalyses. †
InterProScan
is
only
available
for
Linux
distributions.
Figure
1.
W
orkflow
of
Pangloss.
O
ptional
analyses
represented
w
ith
dotted
borders.
R
efer
to
im
plem
entation
for
further
inform
ation.G
M
:G
ene
m
odel.
2.1.1.G
ene
M
odelPrediction
and
A
nnotation
By
default,Pangloss
perform
s
its
ow
n
gene
m
odelprediction
to
generate
nucleotide
and
protein
sequence
data
for
allgene
m
odels
from
each
genom
e
in
a
dataset(Figure
1).Pangloss
also
generates
a
setofPanO
C
T-com
patible
gene
m
odellocation
data
for
each
genom
e.G
ene
m
odelprediction
can
G
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be
skipped
by
including
the
argum
ent--no_pred
atthe
com
m
and-line
ifsuch
data
has
already
been
generated,orthe
usercan
solely
run
gene
m
odelprediction
w
ith
no
dow
nstream
analysis
by
including
the
argum
ent--pred_only
atthe
com
m
and-line.Foreach
genom
e
in
a
dataset,up
to
three
m
ethods
of
prediction
are
used:
1.
A
llpredicted
protein
sequences
from
a
user-provided
reference
genom
e
are
queried
againsteach
genom
e
using
Exonerate
(https://w
w
w
.ebi.ac.uk
/about/vertebrate-genom
ics/softw
are/exonerate),
w
ith
a
heuristic
protein2genom
e
search
m
odel
[33].
Translated
gene
m
odel
top-hits
w
ith
an
alignm
ent
score
of 
90%
of
the
m
axim
um
possible
alignm
ent
score
as
determ
ined
by
Exonerate
are
retained
aspotentialgene
m
odels.Thissearch
step
isparallelized
through
Python’s
m
ultiprocessing
library
and
can
be
optionally
disabled
by
the
user
by
including
the
argum
ent
--no_exonerate
atthe
com
m
and-line.
2.
A
b
initio
hidden
M
arkov
m
odel(H
M
M
)-dependentgene
m
odelprediction
is
perform
ed
using
G
eneM
ark-ES
(http://exon.gatech.edu
/G
eneM
ark
/)w
ith
self-training
enabled
[38].Ifthe
species
ofinterestis
fungal,the
user
can
enable
a
fungal-specific
branch
pointsite
prediction
m
odelin
the
configuration
file.Ifthe
user
has
also
predicted
gene
m
odels
via
step
1,those
gene
m
odels
w
hose
locations
do
notoverlap
w
ith
gene
m
odels
predicted
via
G
eneM
ark-ES
are
incorporated
into
the
latter
dataset.
3.
A
ll
rem
aining
non-coding
regions
of
the
genom
e
are
extracted
and
subjected
to
position
w
eightm
atrix
(PW
M
)-dependentgene
m
odelprediction
using
TransD
ecoder(https://github.com
/
TransD
ecoder/TransD
ecoder/w
iki)[39].A
ny
rem
aining
predicted
gene
m
odels
w
ith
a
length
of
 
200
am
ino
acids
are
included
in
the
finalgene
m
odeldataset.
There
are
a
num
berofoptionalstepsafterthatthe
usercan
take
to
assessthe
quality
ofgene
m
odel
prediction
w
ithin
a
dataset(Figure
1).The
usercan
filtergene
m
odelsets
forpotentialpseudogenes
by
querying
a
setofknow
n
dubious
genes
(either
user-curated
or
from
an
appropriate
resource
such
as
the
Saccharom
ycesG
enom
e
D
atabase)againsteach
gene
m
odelsetusing
BLA
STp
(enabled
via
the
--qc
com
m
and-line
argum
ent)[46,47].A
ny
gene
m
odels
w
hose
top
BLA
STp
hitagainsta
dubious
gene
has
sequence
coverage
of 
70%
are
rem
oved
from
further
analysis.The
com
pleteness
ofeach
gene
m
odelsetcan
also
be
assessed
using
BU
SC
O
(https://gitlab.com
/ezlab
/busco)(enabled
via
the
--busco
com
m
and-line
argum
ent),w
ith
the
appropriate
datasetassigned
by
the
user
[41].
2.1.2.BLA
STp
and
PanO
C
T
A
nalysis
By
default,allpredicted
gene
m
odels
w
ithin
a
datasetare
com
bined
and
an
all-vs.-allBLA
STp
search
is
perform
ed
w
ithin
Pangloss
w
ith
a
user-defined
e-value
cut-o
↵
(default
=
10  
4)(Figure
1).
H
ow
ever,ifthe
user
prefers
to
perform
the
all-vs.-allBLA
STp
step
on
their
ow
n
high-perform
ance
com
putational
environm
ent
they
can
skip
the
search
via
the
--no_blast
com
m
and-line
argum
ent.
The
BLA
STp
search
data,along
w
ith
allgene
m
odels
and
gene
m
odellocation
datasets
com
bined,
are
used
as
inputfor
PanO
C
T.For
a
pan-genom
e
datasetofsyntenic
ortholog
clusters
as
constructed
by
Pangloss,clusters
thatcontain
an
ortholog
from
allinputgenom
es
are
classified
as
“core”
clusters
(containing
“core”
gene
m
odels)and
clusters
m
issing
an
ortholog
from
 
1
inputgenom
es
are
classified
as
“accessory”
clusters
(containing
“accessory”
gene
m
odels)[11].Pangloss
also
generates
nucleotide
and
am
ino
acid
datasets
for
every
core
and
accessory
cluster
for
further
dow
nstream
analyses.
2.1.3.R
efinem
entofPan-G
enom
e
C
onstruction
Based
on
R
eciprocalSequence
Sim
ilarity
A
fter
construction
ofthe
initialpan-genom
e,the
user
has
the
option
ofrefining
the
pan-genom
e
w
ith
Pangloss
via
the
--refine
com
m
and-line
argum
ent(Figure
1).
This
m
ethod
attem
pts
to
refine
the
PanO
C
T-derived
m
icrosyntenic
pan-genom
e
by
accounting
form
icrosynteny
loss
due
to
genom
e
assem
bly
artefacts
or
genom
ic
rearrangem
ents.In
this
m
ethod,Pangloss
firstextracts
allaccessory
clusters
from
the
accessory
genom
e
and
parses
the
previously-generated
all-vs.-allBLA
STp
data
used
for
PanO
C
T.For
each
accessory
cluster
A
,Pangloss
extracts
the
BLA
STp
data
for
each
ortholog
in
A
G
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and
generatesa
listofBLA
STp
top-hitsto
each
strain
genom
e
notrepresented
in
A
w
ith 
30%
sequence
identity.Ifthis
listm
atches
another
accessory
cluster
B
in
the
accessory
genom
e,Pangloss
w
illthen
check
ifeach
ortholog
in
B
has
a
reciprocalstrain
top-hitto
each
ortholog
in
A
.IfA
and
B
satisfy
this
criterion
they
are
m
erged
into
a
new
clusterA
B
,and
A
and
B
them
selves
are
subsequently
rem
oved
from
the
accessory
genom
e.Ifthis
new
clusterA
B
has
an
ortholog
from
every
inputstrain
genom
e
in
the
datasetitis
then
reclassified
as
a
core
cluster
[11].
2.1.4.FunctionalA
nnotation
and
C
haracterisation
ofPan-G
enom
e
C
om
ponents
There
are
optionalargum
ents
in
Pangloss
through
w
hich
the
usercan
characterise
pan-genom
es
once
they
are
constructed
(Figure
1).IfInterProScan
(https://w
w
w
.ebi.ac.uk
/interpro/dow
nload.htm
l)is
installed,the
usercan
selectto
have
the
entire
pan-genom
e
datasetannotated
w
ith
Pfam
,InterPro
and
gene
ontology
(G
O
)inform
ation
via
the
--ips
com
m
and-line
argum
ent[44].A
dditionally,ifG
O
A
tools
(https://github.com
/tanghaibao
/goatools)is
installed,the
outputfrom
InterProScan
can
be
used
to
perform
G
O
-enrichm
entanalysis
ofthe
core
and
accessory
com
ponents
ofthe
pan-genom
e
via
the
--go
com
m
and-line
argum
ent,using
Fischer’s
exact
test
(FET)
w
ith
parent
term
propagation
and
false
discovery
rate
correction
(p
<
0.05)using
a
p-value
distribution
generated
from
500
resam
pled
p-values
[45,48].
2.1.5.Selection
A
nalysis
ofPan-G
enom
e
U
sing
yn00
The
user
can
perform
selection
analysis
on
core
and
accessory
gene
m
odelclusters
using
yn00
from
the
PA
M
L
(http://abacus.gene.ucl.ac.uk
/softw
are/pam
l.htm
l#dow
nload)package
ofphylogenetic
softw
are
(enabled
via
the
--yn00
com
m
and-line
argum
ent)
(Figure
1)
[43].
For
each
cluster
in
a
pangenom
e
dataset,an
am
ino
acid
alignm
entis
perform
ed
using
M
U
SC
LE
(https://w
w
w
.ebi.ac.uk
/
Tools/m
sa/m
uscle/)
w
ith
the
default
param
eters.
A
corresponding
nucleotide
alignm
ent
is
then
generated
by
Pangloss
by
transferring
gaps
in
the
am
ino
acid
alignm
ent
into
the
nucleotide
data
for
the
sam
e
cluster.
yn00
selection
analysis
is
handled
by
Biopython’s
Bio.Phylo.PA
M
L
m
odule
(https://biopython.org
/)and
isrun
w
ith
the
defaultparam
eters(universalgeneticcode,equalw
eighting
ofpathw
aysbetw
een
codonsand
estim
ated
codon
frequencies).From
each
clusteralignm
ent,Pangloss
w
illreportw
here
available
the
estim
ated
transition
/transversion
rate
ratio
ofthe
cluster
()and
the
num
berofpairw
ise
alignm
ents
w
ithin
the
clusterthatshow
evidence
ofpositive
selection
according
to
Yang
and
N
ielsen’s
m
ethod
w
here
the
d
N
/d
S
ratio
(!
)is 
1,if
!
,
1
[49].
2.1.6.V
isualisation
ofPan-G
enom
e
D
ata
A
num
ber
ofoptionalm
ethods
ofvisualising
pan-genom
e
data
are
incorporated
into
Pangloss
(Figure
1).A
sim
ple
ring
chartofthe
proportion
ofcore
and
accessory
gene
m
odels
in
a
pangenom
e
datasetis
generated
in
R
using
the
--size
com
m
and-line
argum
ent.The
sam
e
flag
also
generates
a
bar
chartfor
the
distribution
ofsyntenic
cluster
sizes
w
ithin
a
pangenom
e
datasetand
estim
ates
the
true
size
ofthe
pan-genom
e
using
the
C
hao
low
er
bound
m
ethod
in
R
,as
previously
im
plem
ented
in
the
prokaryote
pan-genom
e
analysis
package
m
icropan
[50,51].The
C
hao
low
erbound
m
ethod
estim
ates
the
size
ofa
population
given
a
setofoccurrence
data
forthatpopulation
from
singleton
and
doubleton
occurrences
[50].In
the
case
ofpan-genom
ic
data
w
e
can
estim
ate
the
true
num
berofsyntenic
clusters
w
ithin
a
pan-genom
e
(N̂
)given
the
observed
num
ber
ofclusters
(N
)from
the
num
bers
of1-m
em
ber
and
2-m
em
ber
clusters
in
the
pan-genom
e
(y
1
and
y
2 ,respectively),as
given
by
the
equation
[50]:
N̂
=
N
+
y
21
2y
2
The
C
hao
low
er
bound
m
ethod
is
a
conservative
m
ethod
ofestim
ating
true
pan-genom
e
size,
butitis
w
orth
noting
thatthis
estim
ation
m
ay
be
skew
ed
in
cases
ofoverabundance
ofsingleton
data
(e.g.,singleton
genes
arising
from
highly
fragm
ented
genom
es)[51,52].The
distribution
ofsyntenic
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orthologous
gene
m
odels
w
ithin
the
species
accessory
genom
e
can
be
visualised
using
the
R
package
U
pSetR
via
the
--upsetcom
m
and-line
argum
ent[35].
This
generates
an
ortholog
distribution
plot
based
on
the
U
pSettechnique
ofvisualising
intersections
ofsets
and
theiroccurrences
w
ithin
a
dataset
using
m
atrix
representation,allow
ing
for
m
ore
inputsets
than
sim
ilar
Venn-based
or
Euler-based
m
ethods
[53].
Finally,karyotype
plots
ofthe
genom
ic
locations
ofcore
and
accessory
gene
m
odels
along
each
chrom
osom
e/contig
w
ithin
a
genom
e,coloured
by
either
pan-genom
e
com
ponentor
by
syntenic
cluster
size,can
be
generated
for
each
genom
e
in
a
datasetusing
the
Bioconductor
package
K
aryoploteR
(https://bioconductor.org
/packages/release/bioc/htm
l/karyoploteR
.htm
l)via
the
--karyo
com
m
and-line
argum
ent[36,37].
2.2.D
atasetA
ssem
bly
2.2.1.Yarrow
ia
lipolytica
N
uclear
genom
e
assem
bly
data
for
seven
Yarrow
ia
lipolytica
strains
w
as
obtained
from
G
enBank.
Each
strain
genom
e
w
as
selected
based
on
geographic
and
environm
entaldistribution,inform
ation
on
w
hich
is
found
in
Table
S1
[24,54–56].G
ene
m
odeland
gene
m
odellocation
prediction
w
as
carried
outforallY.lipolytica
strain
genom
es
using
Pangloss
(Figure
1).G
eneM
ark-ES
gene
m
odelprediction
w
as
perform
ed
w
ith
a
fungalbranching
pointm
odeland
TransD
ecoder
gene
m
odelprediction
w
as
perform
ed
w
ith
an
am
ino
acid
sequence
length
cut-o
↵
of 
200
aa.
A
llpredicted
gene
m
odelsets
w
ere
filtered
againsta
setof936
know
n
pseudogenes
or
dubious
open
reading
fram
es
(O
R
Fs)from
Saccharom
yces
cerevisiae
and
C
andida
albicans
obtained
from
the
Saccharom
yces
and
C
andida
G
enom
e
D
atabase
w
ebsites
respectively,w
ith
a
BLA
STp
e-value
cut-o
↵
of
10  
4
[47,57].
G
ene
m
odels
w
ith
sequence
coverage
of 
70%
to
a
pseudogene/dubious
O
R
F
w
ere
rem
oved
from
the
dataset(Table
S1).
BU
SC
O
analysis
for
each
strain
gene
m
odelsetw
as
perform
ed
using
the
Saccharom
ycetales
dataset
(Table
S1).
In
total,45,533
gene
m
odels
w
ere
predicted
across
our
entire
Y.lipolytica
pan-genom
e
dataset,w
ith
an
average
of6504
gene
m
odels
perstrain
and
BU
SC
O
com
pleteness
pergene
m
odelset
ranging
from
approxim
ately
83–89%
(87.9%
average)(Table
S1).
2.2.2.A
spergillusfum
igatus
N
uclear
genom
e
assem
bly
data
for
12
A
spergillusfum
igatusstrains
w
as
obtained
from
G
enBank.
Each
strain
genom
e
w
as
previously
used
to
constructan
initialA
.fum
igatusspecies
pan-genom
e
using
a
sim
ilarapproach
to
thatim
plem
ented
in
Pangloss,and
strainsw
ere
selected
based
on
geographic
and
environm
entaldistribution
including
both
clinicaland
w
ild-type
strains
[11](Table
S1).G
ene
m
odel
and
gene
m
odellocation
prediction
w
as
carried
out
for
allA
.fum
igatus
genom
es
using
Pangloss
(Figure
1).G
eneM
ark-ES
gene
m
odelprediction
w
as
perform
ed
w
ith
a
fungalbranching
pointm
odel
and
TransD
ecodergene
m
odelprediction
w
as
perform
ed
w
ith
an
am
ino
acid
sequence
length
cut-o
↵
of 
200
aa.
N
o
filtering
for
pseudogenes
or
dubious
O
R
Fs
w
as
perform
ed
for
the
A
.fum
igatus
datasetas
no
such
data
is
available.BU
SC
O
analysis
for
each
strain
gene
m
odelsetw
as
perform
ed
using
the
Eurotiom
ycetes
dataset(Table
S1).In
total,113,414
gene
m
odels
w
ere
predicted
across
our
entire
A
.fum
igatuspan-genom
e
dataset,w
ith
an
average
of9451
gene
m
odels
per
strain
and
BU
SC
O
com
pleteness
per
gene
m
odelsetranging
from
approxim
ately
93–97%
(96%
average)(Table
S1).
2.3.Pangenom
eA
nalysis
2.3.1.Yarrow
ia
lipolytica
A
n
all-vs.-allBLA
STp
search
for
the
entire
Y.lipolytica
datasetw
as
perform
ed
w
ithin
Pangloss
w
ith
an
e-value
cut-o
↵
of10  
4.
PanO
C
T
analysis
for
the
Y.lipolytica
datasetw
as
perform
ed
w
ithin
Pangloss
using
the
defaultparam
eters
forPanO
C
T
(C
G
N
w
indow
=
5,sequence
identity
cut-o↵
 
35%
).
Pan-genom
e
refinem
entw
as
carried
outw
ithin
Pangloss
(Table
S1).Pfam
,InterPro
and
gene
ontology
annotation
ofthe
datasetw
as
perform
ed
using
InterProScan
w
ith
the
defaultparam
eters
[44,58–60].
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G
O
-slim
enrichm
entanalysis
w
as
carried
outfor
both
the
core
and
accessory
Y.lipolytica
genom
es
using
G
O
A
Tools.G
O
term
s
w
ere
m
apped
to
the
generalG
O
-slim
term
basketand
a
Fischer’s
exacttest
(FET)analysis
w
ith
parentterm
propagation
and
false
discovery
rate
(FD
R
)correction
(p
<
0.05)w
ith
a
p-value
distribution
generated
from
500
resam
pled
p-values
[45,48,60].yn00
analysis
ofthe
Y.lipolytica
pan-genom
e
datasetw
as
perform
ed
w
ithin
Pangloss
w
ith
the
defaultparam
eters
[43,49].
A
llplots
w
ere
generated
w
ithin
Pangloss
using
its
various
R
com
ponents
as
detailed
above
(Figures
1–5).
Figure
2.
Pan-genom
e
of
Yarrow
ia
lipolytica
represented
as
a
ring
chart
of
proportions
of
core
and
accessory
ortholog
clustersw
ithin
the
totaldataset.M
odified
from
originalfigure
generated
by
Pangloss.
C
ore
proportions
coloured
in
green,accessory
proportions
coloured
in
red.
Figure
3.
Bar
chart
representing
the
distribution
of
syntenic
cluster
sizes
w
ithin
Yarrow
ia
lipolytica
pan-genom
eand
C
hao’slow
erbound
estim
ation
oftruepan-genom
esize.Figuregenerated
by
Pangloss.
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Figure
4.U
pSetplotofthe
distribution
ofsyntenic
orthologs
w
ithin
the
Yarrow
ia
lipolytica
accessory
genom
e,ranked
by
syntenic
clusterfrequency.U
pSetplots
representintersections
betw
een
sets
w
ithin
data
as
a
m
atrix
and
the
num
berofoccurrences
ofthose
intersections
as
a
barchart.In
ourcase,the
set
intersection
m
atrix
represents
clusters
w
hich
contain
a
syntenic
ortholog
from
1–6
strains
in
ourdataset
and
the
num
ber
oftheir
occurrences
is
given
by
the
bar
chart.
N
um
bers
ofsingleton
clusters
range
from
22
in
W
SH
-Z
06
to
121
in
H
222.Figure
generated
by
Pangloss.
2.3.2.A
spergillusfum
igatus
A
n
all-vs.-allBLA
STp
search
for
the
entire
A
.fum
igatusdatasetw
as
perform
ed
w
ithin
Pangloss
w
ith
an
e-value
cut-o
↵
of10  
4.PanO
C
T
analysis
for
the
A
.fum
igatus
datasetw
as
perform
ed
w
ithin
Pangloss
using
the
defaultparam
eters
forPanO
C
T
(C
G
N
w
indow
=
5,sequence
identity
cut-o↵
 
35%
).
Pan-genom
e
refinem
entw
as
carried
outw
ithin
Pangloss
(Table
S1).
3.R
esults
3.1.A
nalysisoftheYarrow
ia
lipolytica
Pan-G
enom
e
A
Y.lipolytica
species
pan-genom
e
w
as
constructed
w
ith
Pangloss
via
PanO
C
T
using
publicly-
available
assem
bly
data
from
seven
strains,including
the
reference
C
LIB122
strain
and
a
num
ber
of
other
industrially-relevant
strains
[24,54–56]
(Table
S1).
Strain
genom
es
ranged
in
size
from
19.7–21.3
M
b,and
the
m
ajority
had
been
assem
bled
to
near-sca↵old
quality
(Table
S1).A
totalof45,533
valid
Y.lipolytica
gene
m
odels
w
ere
predicted
by
Pangloss
afterfiltering
forknow
n
pseudogenes
from
m
odelyeasts,foran
average
of~6505
gene
m
odels
perstrain
genom
e
(Table
S1).Pangloss
constructed
a
refined
speciespan-genom
e
forY.lipolytica
containing
6042
core
syntenic
clusters(42,294
gene
m
odels
in
total)and
972
accessory
syntenic
clusters
(3239
gene
m
odels
in
total)(Figure
2,Table
2
and
Table
S1).
This
gives
a
core:accessory
proportion
splitofapproxim
ately
92:8
in
term
s
ofgene
m
odels
and
87:13
in
term
s
ofunique
syntenic
clusters
(Figure
2,Table
S1).These
core:accessory
proportions
w
ere
sim
ilar
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to
our
previous
analyses
ofother
yeasts
such
as
Saccharom
ycescerevisiae
(85:15)and
C
andida
albicans
(91:9)[11].A
ccessory
genom
e
size
in
individualY.lipolytica
strains
varied
from
303
gene
m
odels
in
IBT446
to
583
gene
m
odels
in
H
222
(Table
S1).
U
sing
C
hao’s
low
er
bound
m
ethod,the
size
ofthe
Y.lipolyticapan-genom
e
w
asestim
ated
to
contain
7970
syntenic
clusters(Figure
3).341
syntenic
clusters
w
ere
m
issing
an
ortholog
in
one
strain,w
ith
202
clusters
m
issing
an
ortholog
from
IBT446
only,and
390
syntenic
clusters
consisted
ofa
singleton
gene
m
odel(Figures
3
and
4).The
num
ber
ofsingleton
gene
m
odels
in
individualstrains
varied
from
23
gene
m
odels
in
W
SH
-Z
06
and
C
BA
6003
to
121
gene
m
odels
in
H
222
(Figure
4).K
aryotype
plots
w
ere
generated
for
each
Y.lipolytica
strain
in
our
dataset
and
display
varying
am
ounts
ofaccessory
gene
m
odels
distributed
across
the
six
chrom
osom
es
of
Y.lipolytica
(e.g.,C
LIB122
in
Figure
5a,b).
This
is
sim
ilar
to
our
previous
observation
of
accessory
genom
e
distribution
w
ithin
the
C
andida
albicanspan-genom
e,w
hich
m
ay
have
arisen
due
to
a
lack
of
non-clinicalstrain
genom
esforthatspecies[11].A
large
accessory
region
in
chrom
osom
e
D
in
C
LIB122
(N
C
_006070.1,Figure
5a,b)appears
to
be
the
resultofa
gapped
region
in
the
sam
e
chrom
osom
e
in
PO
1f,presum
ably
arising
from
sequencing
artefacts
(Figure
5a,b).
Table
2.
Pan-genom
es
ofYarrow
ia
lipolytica
and
A
spergillus
fum
igatus.
R
efer
to
Table
S1
for
further
inform
ation
including
strain
assem
bly
statistics,BU
SC
O
com
pleteness
and
links
to
relevantliterature.
Species
Strains
C
ore
G
enom
e
A
ccessory
G
enom
e
Pan-G
enom
e
G
ene
M
odels
C
lusters
G
ene
M
odels
C
lusters
G
ene
M
odels
C
lusters
Yarrow
ia
lipolytica
7
42,294
6042
3239
972
45,533
7014
A
spergillusfum
igatus
12
92,016
7668
21,398
3727
113,414
11,395
3.2.C
haracterisation
oftheYarrow
ia
lipolytica
Pan-G
enom
e
Selection
analysis
w
as
perform
ed
for
all
non-singleton
clusters
in
the
Y.
lipolytica
core
and
accessory
genom
e
using
yn00,w
hich
estim
atessynonym
ousand
non-synonym
ousratesofsubstitution
w
ithin
a
gene
fam
ily
using
pairw
ise
com
parisons
[43].
O
fthe
6042
core
clusters
in
the
Y.lipolytica
pan-genom
e
dataset,453
clusters
had
at
least
one
pairw
ise
alignm
entw
hich
had
!
 
1
(7%
of
all
core
clusters),w
hereas
for
the
582
non-singleton
accessory
clusters
only
52
clusters
had
atleastone
pairw
ise
alignm
entw
ith
!
 
1
(9%
ofallnon-singleton
accessory
clusters).Itis
possible
thatthe
low
levels
ofpositive
selection
(i.e.,clusters
w
ith
 
1
pairw
ise
alignm
entw
ith
!
 
1)w
ithin
the
accessory
genom
e
reflects
the
potentiallack
of
evolutionary
distance
betw
een
the
strains
in
our
Y.lipolytica
dataset.The
Y.lipolytica
pangenom
e
datasetw
asannotated
w
ith
Pfam
,InterPro
and
gene
ontology
data
using
InterProScan
[44,58–60].A
pproxim
ately
77%
ofthe
totaldataset(35,139
gene
m
odels)contained
atleastone
Pfam
dom
ain.G
O
-slim
enrichm
entanalysis
w
as
perform
ed
for
both
core
and
accessory
genom
es
using
G
O
A
Tools
w
ith
the
defaultparam
eters
as
im
plem
ented
in
Pangloss
(Table
S2).U
nlike
our
previous
analysis
ofterm
enrichm
entin
fungalpan-genom
es,transportprocesses
appear
to
be
enriched
w
ithin
the
core
Y.lipolytica
genom
e
and
processes
relating
to
the
production
oforganic
and
arom
atic
com
pounds
are
enriched
w
ithin
the
accessory
Y.lipolytica
genom
e
(Table
S2)[11].The
form
er
m
ay
be
due
to
the
array
ofthe
lipid
transportsystem
s
thatY.lipolytica
uses
to
live
in
environm
ents
rich
in
hydrophobic
substrates
[61].Sim
ilarly,genes
w
hose
functions
are
related
to
intracellular
organelle
function
are
enriched
in
the
Y.lipolytica
core
genom
e—
this
m
ay
encom
pass
the
accum
ulation
oflipids
and
fatty
acids
w
ithin
organelles
and
lipid
body
form
ation
w
ithin
the
Y.lipolytica
cell(Table
S2)[62].
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Figure 5. Karyotype plots of core and accessory gene model locations across the six chromosomes of Yarrowia lipolytica strain CLIB122. Left: (a) Gene model locations
coloured by source pan-genome component (core: green, accessory: red). Right: (b) Gene model locations coloured by the size of their source syntenic cluster.
Non-coding regions coloured in grey. Both figures generated by Pangloss.
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3.3.R
eanalysisoftheA
spergillusfum
igatusPan-G
enom
e
A
s
a
w
ay
ofassessing
the
quality
ofPangloss’s
pan-genom
e
construction
w
e
also
reconstructed
a
species
pan-genom
e
forA
spergillusfum
igatus,the
opportunistic
agentofinvasive
aspergillosis,using
a
previously-analysed
datasetcontaining
both
clinicaland
w
ild-type
strains
[11,63](Table
2,Table
S1).
A
totalof
113,414
valid
A
.fum
igatus
gene
m
odels
w
ere
predicted
by
Pangloss
w
ith
an
average
of
~9451
gene
m
odels
per
strain
genom
e
(Table
2,Table
S1).
Pangloss
constructed
a
refined
species
pan-genom
e
for
A
.fum
igatus
containing
7668
core
syntenic
clusters
(92,016
gene
m
odels
in
total)
and
1783
accessory
syntenic
clusters
(21,398
gene
m
odels
in
total)(Table
2,Table
S1).
This
gives
a
core:accessory
proportion
splitofapproxim
ately
81:19
in
term
s
ofgene
m
odels
and
67:33
in
term
s
of
unique
syntenic
clusters
(Table
2,Table
S1).
These
core:accessory
proportions
are
relatively
in
line
w
ith
our
previous
study
ofthe
sam
e
A
.fum
igatus
pan-genom
e
dataset,w
hich
found
core:accessory
proportion
splits
of83:17
in
term
s
ofgene
m
odels
and
73:27
in
term
s
ofunique
syntenic
clusters
[11].
Variation
betw
een
the
tw
o
A
.fum
igatuspan-genom
e
analyses
is
a
resultofperform
ing
gene
prediction
using
Exonerate
in
our
initialanalysis
butnotin
this
subsequentreanalysis
[11].
4.D
iscussion
A
s
pan-genom
e
analysis
of
eukaryotes
becom
es
m
ore
com
m
onplace,
ideally
the
am
ount
of
softw
are
to
construct
and
characterise
eukaryote
pan-genom
e
should
begin
to
m
atch
that
w
hich
is
already
available
for
prokaryotes.
O
ur
softw
are
pipeline
Pangloss
applies
a
sequence
sim
ilarity
and
synteny-based
approach
from
prokaryote
pan-genom
e
analysis,im
plem
ented
in
the
previously-published
Perlsoftw
are
PanO
C
T,to
eukaryote
pan-genom
e
analysis
and
allow
s
the
userto
perform
theirow
n
gene
prediction
and
dow
nstream
characterisation
and
visualisation
ofpan-genom
e
data
from
one
self-contained
script[11,22].A
lthough
our
pipeline
has
been
designed
for
eukaryote
pan-genom
e
analysis,as
PanO
C
T
is
a
prokaryote
m
ethod
in
origin,Pangloss
should
also
support
prokaryote
datasets—
albeit
w
ith
som
e
m
odifications
to
gene
m
odel
prediction
strategies
by
the
user.
U
nlike
other
com
m
on
gene
clustering
approaches,such
as
M
C
L,PanO
C
T
incorporates
local
synteny
via
assessing
the
C
G
N
betw
een
potentialorthologs
as
a
criterion
to
clustering
in
addition
to
sequence
sim
ilarity
[19,22].This
m
akes
PanO
C
T
distinctfrom
m
ostclustering
approaches
in
thatit
can
distinguish
orthologs
from
paralogs
(i.e.,ifone
assum
es
that“true”
orthologs
are
m
ore
likely
to
be
located
in
relatively-sim
ilar
regions
oftheir
respective
genom
es
they
then
should
in
turn
be
m
ore
likely
to
clustertogetherw
hen
syntenic
conservation
is
taken
into
consideration).This
is
ofparticular
relevance
to
eukaryote
pan-genom
es,as
gene
duplication
plays
a
substantialrole
in
eukaryote
gene
fam
ily
and
genom
e
evolution
[11,64].A
lthough
this
approach
is
m
ore
stringentthan
clustering
gene
fam
ilies
based
on
approaches
like
M
C
L
or
BLA
ST
searches
alone,itis
potentially
m
ore
reflective
of
evolution
on
a
gene-levelbasis
w
ithin
strains
ofthe
sam
e
species.
There
are
w
ays
in
w
hich
our
approach
can
be
im
proved
upon
in
future
m
ethodologies,both
in
term
s
ofprediction
and
analytic
strategies.For
exam
ple,Pangloss
has
an
optionalExonerate-based
gene
m
odelprediction
strategy
w
hich
searches
inputgenom
es
for
translated
hom
ologs
ofreference
sequences
[33].
This
is
an
exhaustive
approach
thatm
ay
pick
up
potentialgene
m
odels
m
issed
by
G
eneM
ark-ES
and
/orTransD
ecoder,butitis
also
tim
e-ine 
cient.To
search
all6472
reference
protein
sequences
from
Y.lipolytica
C
LIB222
againsta
single
Y.lipolytica
genom
e
takes,on
average,fourhours
on
three
threadson
a
serverrunning
U
buntu
18.04.2
LTS
(approxim
ately
nine
sequencesperm
inute
per
thread),w
hereasboth
G
eneM
ark-ES
genem
odelprediction
w
ith
fungalpointbranching
and
subsequent
O
R
F
prediction
in
non-coding
regions
w
ith
TransD
ecoder
perform
ed
on
the
sam
e
genom
e
w
ith
the
sam
e
num
berofthreadstypically
takes~30–35
m
in.Itisforthisreason
prim
arily
thatw
e
have
m
ade
the
Exonerate-based
strategy
optionalforany
gene
prediction
thatis
perform
ed
by
Pangloss.Furtherm
ore,
PanO
C
T’s
m
em
ory
usage
increases
exponentially
per
strain
added,notw
ithstanding
the
potentially
com
plex
distribution
of
gene
m
odels
betw
een
strains
them
selves
[11,22].
C
onstructing
a
species
pan-genom
e
using
PanO
C
T
from
a
sm
alland
relatively
w
ell-conserved
dataset,such
as
thatfor
our
Y.lipolyticaorA
.fum
igatusstudies,should
be
achievable
on
m
oststandard
hardw
are.Forlargerdatasets,
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such
as
ourprevious
pan-genom
e
analysis
of100
Saccharom
ycescerevisiaegenom
es;how
ever,itm
ay
be
preferable
to
perform
such
analysison
a
high-perform
ance
com
putationalenvironm
entorotherw
ise
an
alternative
synteny-based
m
ethod
ofpan-genom
e
construction
m
ay
be
m
ore
appropriate
[11].Finally,
w
e
w
ould
encourage
usersto
interrogate
and
visualise
the
resultsofanalysisusing
Panglossand
adjust
the
inputparam
eters
w
here
appropriate
fortheirdata.In
ourcase,the
param
eters
w
hich
w
ere
chosen
foruse
in
Pangloss
forthis
analysis
(e.g.,BLA
ST
e-value
cut-o
↵,C
G
N
w
indow
size)are
largely
based
on
those
from
our
previous
analysis
offungalpan-genom
es
or
other
studies
using
PanO
C
T
[11,22].
D
epending
on
the
size
ofa
pan-genom
e
datasetor
the
species
ofinterest,di↵erentcut-o
↵s
m
ay
be
m
ore
suitable
(e.g.,for
species
w
ith
longeraverage
gene
lengths
a
low
ersequence
identity
cut-o
↵
for
PanO
C
T
clustering
than
the
default(>
35%
)m
ay
be
m
ore
appropriate).M
any
ofthese
param
eters
can
be
adjusted
in
the
configuration
file
provided
w
ith
Pangloss.
5.C
onclusions
Pan-genom
e
analysisofeukaryoteshasbecom
e
m
ore
com
m
on,butm
any
ofthe
available
softw
are
for
pan-genom
e
analysis
are
intended
for
use
w
ith
prokaryote
data.
W
e
have
developed
Pangloss,
a
pipeline
thatallow
s
users
to
generate
inputdata
and
constructspecies
pan-genom
es
for
m
icrobial
eukaryotes
using
the
synteny-dependentPanO
C
T
m
ethod
and
various
dow
nstream
characterisation
analyses.
To
dem
onstrate
the
capabilities
ofour
pipeline
w
e
constructed
a
species
pan-genom
e
for
Yarrow
ia
lipolytica,an
oleaginous
yeastw
ith
potentialbiotechnologicalapplications,and
perform
ed
various
functionaland
data
visualisation
analyses
using
Pangloss.
The
Y.lipolytica
pangenom
e
is
sim
ilarin
term
s
ofcore
and
accessory
genom
e
proportions
to
previously
analysed
fungalpan-genom
es
butis
unique
in
thatbiologicalprocesses
such
as
transportare
statistically-enriched
in
the
core
genom
e.
W
e
also
used
Pangloss
to
reconstructa
species
pan-genom
e
for
the
respiratory
pathogen
A
spergillus
fum
igatususing
a
previously-analysed
datasetand
found
thatPanglossgenerated
a
sim
ilarpan-genom
ic
structure
forA
.fum
igatusto
thatofour
previous
analysis.Building
on
our
previous
w
ork
on
fungal
pan-genom
es,thisstudy
notonly
providesfurtherevidence
forpan-genom
icstructure
w
ithin
eukaryote
species
butalso
presents
a
m
ethodologicalpipeline
for
future
eukaryote
pan-genom
e
analysis.
Supplem
entary
M
aterials:
The
follow
ing
are
available
online
athttp://w
w
w
.m
dpi.com
/2073-4425/10/7/521/s1.
Table
S1,Inform
ation
for
Yarrow
ia
lipolytica
and
A
spergillus
fum
igatus
pan-genom
e
datasets.C
ore
gene
m
odels
labelled
in
green,accessory
gene
m
odelslabelled
in
red.R
eferencesand
strain
inform
ation
taken
from
cited
articles
w
here
available,otherw
ise
from
G
enBank
or
sim
ilar
resources
w
ith
relevantlinks
included.Table
S2.G
O
-slim
enrichm
ent
analysis
for
the
Yarrow
ia
lipolytica
pan-genom
e
dataset.
Fischer’s
exact
test
w
ith
FD
R
correction
(p
<
0.05)carried
outusing
G
O
A
Tools
w
ithin
Pangloss.A
llterm
s
presentin
the
table
are
eithersignificantly
over-
or
under-represented
in
either
the
Y.lipolytica
core
or
accessory
genom
e.
Significantly
over-represented
term
s
labelled
green,significantly
under-represented
term
s
labelled
red.
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